SHEAR WAVE VELOCITY OF SOILS BY

THE SPECTRAL ANALYSIS OF SURFACE WAVES
(SASW) METHOD

Seyed Mohammad Ali Zomorodian, B.SC., Eng., M.Sc.

A Thesis
submitted to School of Graduate Studics
Under the supervision of

Dr. Vinod K. Garga, P.Eng.

‘ and
Dr. M. Osama Al-Hunaidi

in partial fulfillment of the requirements for degree of

Doctor of Philosophy in Civil Engineering

Department of Civil Engineering
University of Ottawa
Ottawa, Ontario
Canada K1N N5

July 1996
The Doctor of Philosophy in Civil Engineering is a joint program between

Carleton University and the University of Ottawa, which is administered
by the Ottawa-Carleton Institute for Civil Engineering

© Seyed Mohammad Ali Zomorodian, Ottawa, Canada, 1996



National Lib
I*I of égnade; hd

Acquisitions and

Bibliotheque nationale
du Canada

Direction des acquisiicns et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontana
1A QN4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Onawa (Ontano)

Your file  Volre réfdronce

Cuwr fip  Notre rélorence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a Ila Bibliothéeque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
metire des exemplaires de cette
théese a fa disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
these. Ni la thése ni des extraits
substantiels de celleci ne
doivent étre imprimés ou
autrement reprcduits sans son
autorisation.

ISBN 0-612-16479-9

Canada



=] UNIVERSITE D'OTTAWA
=228 UNIVERSITY OF OTTAWA




] THE T A7 SN

SEBICAIED S0 Y SHIALY



ACKNOWLEDGMENTS

The author expresses appreciation to his research supervisors, Dr. Vinod K. Garga and
Dr. Osama Al-Hunaidi, for their advice and guidance throughout this study. The author is
also thankful to Dr. D. Lau, Dr. H. Tanaka, Dr. KT. Law, Dr. E. Evgin and
Dr. B.H. Fellenius for serving as members on various examination committees during this
study.

The support of the National Research Council of Canada (NRC) for providing field testing
cquipment is gratefully acknowledged.

Moreover, the financial assistance provided by Ministry of Culture and Higher Education
of Islamic Republic of Iran to pursue this study is highly appreciated.

The author would like to thank his parents and parents-in-law for their constant

encouragement and moral support during the period of this study.

Finally, it is the author’s wife, Manijeh Khalaf, whose encouragement made this
programme a success. The patience of the author’s sons, Mehdi, and Alireza and the
author’s daughter. Zahrasadat, who have been waiting to see their father’s post-student
life, would be acknowledged.



ABSTRACT

Spectral analysis of surface waves (SASW) method is an in-situ seismic method used for
determining the thickness and elastic properties of soil and pavement. The SASW method
is fast and economical to perform since no boreholes are required. The methed is suitable
for sites where the use of large equipment is difficult or where sublayer conditions make it
difficult to perform other seismic tests. The SASW method is also ideal for preliminary
field mvestigations to be conducted prior to more detailed site investigation, and for
quality control and mouitoricg of ground improvement.

The SASW ﬁ1ethod is based on the theory of surface waves (generalized Rayieigh waves)
dispersion in a nmiti-layered medium. According to this theory, surface waves of different
frequencies or wavelengths travel at different velocities in layered media, 2 phenomenon
known as dispersion. In simple terms, dispersion occurs 2s a result of the fact that as the
wavelength of surface waves increases, their penetration depth into the layered medium
also increases. The propagation velocity of surface waves at a particular wavelength,
reflects the properties of the layers in which the wave propagates.

The SASW method involves the generation and measurement of surface waves by
impacting the surface of the soil and detection of these waves at the surface at several
pomts. The captured signals are transformed to the frequency domain using the Fast
Fourier Transform (FFT) to determine the cross-power spectrum and the coherence
finction. The phase angle of the cross-power spectrum is then used to calculate the phase
velocity at each frequency and consequently obtain the dispersion curve of the site. The
coherence fimction is used to judge the quality of data. Then inversion of Rayleigh wave

dispersion curve provides information on the variation of shear wave velocity with depth.



The stiffness profile of the site is backcalculated (or backfigured) by matching the
dispersion curve obtained from SASW field tests with 2 theoretical dispersion obtained
using a theoretical model. Layer properties in the theoretical model are varied iteratively
until satisfactory agreement is obtained between the theoretical and experimental curves.
The theoretical stiffness profile is then taken to represent the actual profile. The above
backcalculation procedure is based on the assumption of single mode propagation (using
the first mode). The participation of each mode varies depending on soil stratification as
well as frequency. Under some conditions, however, several modes can propagate at the
same time with each mode having its own phase velocity. Consequently, under this

condition, existing backcalculation procedures yield inaccurate results.

The purpose of this research was to improve the SASW method by incorporating

multi-mode propagation in the backcalculation procedure.

in order to facilitate the investigation carried out in this study, two computer programs
were developed to simulate SASW tests (and also Steady-State surface wave tests) and to
calculate theoretical dispersion curves. The program for calculating theoretical dispersion
curves was based on the root-searching procedure used m existing backcalculation
methods. The computer programs developed in this study were used in a2 case study to
demonstrate difficulties encountered by existing methods in dealing with multd-mode

situations.

It was shown that: (i) wavelength fitering criteria used by existing methods yield
inconsistent (ie. erroneous) dispersion curves when more than one propagation mode
participate in the wave field, and (ii) backcalculation procedures based on root-searching -
can not identify predominant propagation modes and hence fail to yield accurate results in
the case of multi-mode propagation. Two developments were made in the present study

to overcome the above difficulties.



First, a new wavelength filtering criterion was adopted. In this criterion, the dispersion
data point for a particular frequency is rejeciad ( ie. filtered out) if the values of phase
velocity obtamed from two different receiver-to-receiver spacings are not in close
agreement. In this manner, inconsistencies that might result in the dispersion due to
muiti-mode propagation are avoided.

Second, a new procedure to calculate the theoretical disperston curve was developed. This
procedure is based on the maximum vertical flexibility coefficient (at each frequency) of
the theoretical layered model. Unlike root-searching methods, the maximum vertical
flexibility coefficient method easily identifies predominant propagation modes. A computer
program was developed i this study for backcalculation of SASW data based on the
flexibility coefficient method. Least-squares optimization using the down-hill simplex
method was also implemented in this program to automate the backcalculation process.

The accuracy of the above proposed procedures was demonstrated using SASW field
tests. The shear wave velocity profiles obtained using the procedures developed in this
study are in good agreement with those obtamed from other in-situ seismic tests.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

The shear wave velocity of soil is an important parameter in the design of machme
foundations, evaluation of static and dynamic compaction, prediction of liquefaction, and
the determmation of the elastic modulus of soils.

The shear wave velocity of a soil can be measured in the Iaboratory using methods, such
as the resonant column, cyclic triaxial and cyclic direct siraple shear, or in the field using
in-situ methods. Factors such as sample disturbance, and change of state of stress lead to
non-representative samples which have significant influence on the results from
laboratory tests. In addition, only 2 small volume of soil is tested with laboratory
methods. Therefore, it is preferred to measure soil properties by in-situ methods.

Seismic methods are commonly used for in-situ evaluation of shear wave velocity. These
methods are based on generating elastic stress waves at one point (source) and detecting
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these waves at another point (receiver). Based on the positions of the source and
receiver, seismic methods can be categorized into two main groups: borehole methods
and surface methods,

In borehole methods, one or more boreholes are utilized. Jn surface methods, both
source and receivers are located at the surface. Thus, surface methods have an
economical advantage over borehole methods. An overview of several of the most
widely used seismic methods for engineering purposes will be presented in chapter two.

The spectral-analysis-of-surface waves (SASW) method is a seismic technique for
determining in-situ elastic moduli and thickness of layered systems, such as soils and
pavements. The test is performcd from the ground surface and thus requires mo
boreholes. Measurements are made at strain levels below .001 percent, where elastic
propertics of soil are essentially independent of strain amplitude as can be seen from
Fig. 1.1. The SASW method consists of the generation of surface waves by an impulsive
or randont-noise load at the surface of soil deposits and the detection of these waves at
two points away from the source. The detected signals are transformed to the frequency
domam using FFT analysis to obtain the phase difference between receivers as a function
of frequency. The phase difference is then used to construct the experimental dispersion
curve of the site. The inversion of dispersion curve provides information on the variation
of shear wave velocity with depth.

The SASW method has the following advantages: it is nondestructive, it is performed
from the surface of the wstcm, the setup and procedure are simple, and it has the
potential of being fully automated.

The main disadvantage of the SASW method at this time is the process of inversion of
the dispersion curve. The inversion process used until recently is an iterative procedure
based on forward modeling of soil layers. In this procedure, the theoretical dispersion
curve is matched to the experimental curve obtained in the field which is a



time-consuming process and an experienced operator is needed. Hossian and Dmevich
(1989), Addo and Robertson (1992), Yuan and Nazarian (1993) have developed
automated techniques based on optimization theory. In these procedures, it is assumed
that the first surface wave propagation mode is the predominant one, but this assumption
is not true for irregular soil sites due to the predominance of higher modes as shown by
Gucunski and Woods (1992). Other disadvantages of the SASW method can be
summarized as follows: (i) the test site has to be horizontally stratified. and (i) in the
inversion process, only plane Rayleigh waves are considered, and (iii) generating low
frequencies that are needed for testing deep deposits may be difficult.

1.2 Research Objective

The main objective of this research is the development of the SASW method so that it is
fully automated and reliable for irregular soil sites. Since the wave field of an irregular
soil may consist of more than one surface mode, the phase angle obtained from Fourier
analysis will not correspond to one mode. The phase spectrum represents an average of
all the participating modes, and consequently, the inversion procedure based on the
assumption that the first mode is predominant may not be correct. An inversion
procedure that takes this phenomenon into account is needed.

In this study a computer program has been developed for the inversion of multi-mode
experimental dispersion curves. In addition, an efficient and stable optimization

technique is incorporated in the program.

1.3 Scope of Research

To achieve the above objective, the outline of proposed research is as follows:
1)-To imvestigate existing methods for computing theoretical Rayleigh wave dispersion
curves and to develop a reliable computer program for that purpose.



There are three available methods for computing theoretical Rayleigh wave dispersion
curves. The first one evaluates the determinant of the stiffness matrix at each frequency
and searches for its roots. The second one evaluates the maximum of the vertical
flexibility cocfficient in the wave-pumber domain for each frequency. The third one
simulates the SASW test and evaluates relative phase angle spectra for the same spacings
used i field tests. Simmlation of SASW tests involves the solution of an axisyrometric
wave propagation problem in which the source is represented by a disk load on the
surface of a layered soil system.

2)-To develop a procedure for the construction of a representative field dispersion curve.

Three filtering criteria were recommended in the past to construct a representative field
dispersion curve. These criteria are applied to ensure that the short wavelengths picked
up by the receivers are eliminated because their amplitudes might be reduced drastically
and consequently they might be dominated by ambieat noise. Also, long Rayleigh
wavelengths are eliminated because they might not be fully developed or be
contammated by body waves when they arrive at the near receiver. However, these
criteria are insufficient to ensure the condition that measured wave field is comprised of
one surface mode only as will be discussed in Chapter Four Section 4.4.1.2. A new filter
criterion needs to be developed.

3)-To implement the above procedures using actual field tests.

4)-To examine the possibility of incorporating higher modes of Rayleigh waves for
irregular soil sites using existing mversion procedures.

In the available inversion procedures, it is assumed that the first surface wave mode is
the predominant one, but this assumption is not true i frregular soil layers due to
predominance of higher modes. Therefore, the inversion of the experimental dispersion
curve should not be governed by the theoretical first Rayleigh mode. Both the maxionim



vertical flexibility coefficient method and simulation of SASW tests will be examined for

their ability to handle multi-mode dispersion curves.

5)To automate the dispersion curve matching process and thus minimize the need for

subjective experience in the inversion procedures. Automation procedures will have to
be efficient and stable.

1.4 Organization of the Thesis

Chapter 2 describes an overview of in situ-methods and the background literature related
to the SASW method. Also in Chapter 2, wave propagation in layered media, derivation.
of three dimensional wave equation, types of waves, parameters affecting shear modulus,
determination of stiffress matrix of soil leyers, signal analysis and required fimctions are
discussed.

Chapter 3 describes the SASW method in detail in three parts: (i) field collection of data,
(1) construction of field dispersion curve, and (i) inversion of dispersion curve.

Chapter 4 gives a detailed description of the mathematical modeling of soil layers and the
calculation of dispersion curves by the transfer matrix and by the stiffness matrix
methods. The results obtained by 2 computer program developed in this research are
presented for a case study.

Chapter 5 gives a detailed description of the development a numerical procedure for
simulation of SASW tests. Complete numerical techniques and verification of the method
are described in this chapter.

Chapter 6 explains the development of a new method for calculation of the theoretical
dispersion curve. The verification aud comparison of the new method with existing
methods are also described in chapter 6.



Chapter 7 describes different optimization techniques for automatic matching of the
theoretical dispersion curve with the experimental one.

Chapter 8 presents the results for several sites that were tested using the new SASW
procedures developed in this research.

Chapter 9 presents the conclusions of this research, and provides some recommendations
for further research and development.
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Fig. 1.1-Typical variation of in-situ shear modulus with shearing strain amplitude at the
start of cyclic loading (After Stokoe and Hoar, 1977).



CHAPTER 2

LITERATURE REVIEW

2.1 Overview of In-Situ Seismic Methods Used

for Engineering Purposes

Compression, shear, and Rayleigh waves are three basic types of seismic (stress) waves
which propagate in a layered, elastic half:space. Compression and shear waves are
collectively called body waves because these waves propagate within the interior of the
layered clastic half space as well as along its surface. Rayleigh waves are often referred
to as surface waves because they propagate near the surface of the half space.

Compression and shear wave velocities are most often measured by seismic methods. As
mentioned before, the seismic methods available to civil engineers fall into two
categories: borehole methods and surface methods.

2.2 Borehole Methods

Borehole methods arc used to determine profiles of shear and compression wave
velocities and shear and constrained moduli at relatively shallow depths (0 to 60 ).
Borehole methods include the crosshole, downhole, uphole, in-hole, bottom-hole, and
the scismic cone penetration tests. A schematic Hlustration of these tests is shown i



Figs. 2.1 and 2.2. Two popular borehole techniques, the crosshole and downhole test
methods, are discussed in detail in the following paragraphs.

2.2.1 Crosshole Method

- In the crosshole method, the time for compression and shear waves to travel between
several points at the same depth within a soil or rock mass is measured. With known
travel times and determination of travel distance, wave velocities are calculated.

Fig. 2.3 shows a schematic of one field procedure which is used in practice (Hoar and
Stokoe, 1978). This procedure requires a minimum of three or more cased boreholes.
These boreholes are drilled and cased to the depth of interest several days before testing,
Driling mud is often used to reduce borehole disturbance from stress relief and
squeezing (Shannon and Wilson 1976). Each borehole is logged during drilling to
determine soil type and thickness and inclnation of layers.

The distance between each of the boreholes in a crossholes test is usually of the order of
3 10 4.6 m. To minimize factors which can effect the measurements such as disturbance,
screening and wave interaction effects, the diameter of boreholes is selected as small as
feasible. Typically, borehole diameters range from 10.2 to 15.2 cm.

Either aluminum or plastic casing is used, and the casing is grouted in place. Casing with
an inner diameter of about 7.6 cm is compatible with seismic equipment. Any borehole
deviations from the vertical mmust be reliably known at all test depths. Standard
penetration test (SPT) equipment is employed as a mechanical source. This is
accomplished by positioning a drill rig at the location of the source borehole as shown in
Fig. 2.3 and advancing a fourth borehole (usually uncased). At each desired test depth
for which travel time measurements are to be performed, the drilling operation is
stopped.
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The SPT equipment is then used to generate vertical impulses in the bottom of the forth
borehole. Each impulse generates compression and shear waves in the soil and
simultaneously triggers a recording device, an oscilloscope. Three-dimensional
geophones (vertical, radial, and transverse) located in the cased boreholes at the same
depth as the source are used to monitor the passage of the waves. Each geophone is held
tightly in place against the wall of the borehole through the use of some mechanism such
as inflatable packers or by pneumatic or hydraulic pistons. After measurements have been
performed for all travel paths at a desired depth, the fourth borehole is advanced to the
next depth and the test is repeated. This procedure is continued to the final depth.
Fig. 2.4 shows a typical travel time record from vertical velocity transducers wedged in
three cased boreholes.

The initial wave arrivals at each receiver are identified on the record by P for
compression wave and S for the shear wave. Fig. 2.4 shows the determinations of
mterval travel time for the shear wave. Using interval travel times rather than source-to-
receiver travel times has significant advantage in minimizing misinterpretation of 2
refracted wave as a direct wave.

The velocity of the waves is computed as the ratio of inter-borehole distance at the test
depth to the travel time. In soils where stiffaess increases with depth, Andreasson (1979)
observed that shear waves travel in the deeper and stiffer material and hence travel paths
are not necessarily horizontal as assumed in velocity calculations. To reduce the time
involved in conventional crosshole testing, and avoid drilling disturbances associated
with pre-bored holes, crosshole tests have also been performed with two cone
Penctration rigs for pushing a receiver and a source (Baldi et al. 1988).

However, tests conducted by Andreasson (1979) concluded that disturbance effects on
wave velocities from drilling and pushing relatively large penetrometers are similar, The
crosshole test is often considered the most accurate seismic method and is more
frequently used as a reference (Larsson and Mulabdic 1991). The most significant
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disadvantage of the crosshole method is its higher expense and the time required to

mstall and measure the inclination of the holes.

2.2.2 Downhole Method

In the downhole method, the time for compression and shear waves to travel between a
source on the surface and points within 2 soil or rock mass is measured. With known
travel times and travel distance, wave velocities are calculated.

Fig. 2.5 shows a schematic of one field procedure (Hoar and Stokoe, 1978). This
procedure requires a mmnimum of one or more cased boreholes. This borehole is drilled
and cased to the maximum depth of interest several days before testing, It is identical to
those used as receiver boreholes in the crosshole method. As shown in Fig. 25,206 m
cubc of concrete is cast-in-place at the location and embedded so that the top of the
block is about even with the ground surface. The block should be located about 6 m
from the borehole. Two sections of angle iron which extend about 0.3 m out of concrete
at a 45 degree angle with the vertical are placed in the block at time of casting.

Body waves are generated in the soil by striking one of the angle irons in the embedded
concrete block with a 4.5 kg sledge hammer. Wave arivals are monitored by a
horizontal velocity transducer wedged in the cased borehole at the first measurement
depth. This procedure is repeated except that the block is struck in the opposite
direction. The test is repeated at about 1.5 to 3 m intervals to the final measurement
depth.

The advantages of the downhole test are placement of the source and minimum '
refraction problems. In addition, this test is relatively inexpensive because only one
borehole is required. However, as the depth increases, the path length of the wave |
increases, and the quality of the signals decreases.



2.3 Surface Methods

In surface methods, both the source and receivers are located at the ground surface.
Therefore, these methods are more economical than borehole methods i that no
boreholes are required. Common surface methods include the refraction, reflection,
steady-state surface wave, and spectral analysis of surface waves. The simplified schemes
of each of these tests are shown in Fig. 2.6. The refraction and reflection test methods,
are discussed in the following paragraphs and steady-state surface wave, and spectral
analysis of surface waves are discussed in chapter four.

2.3.1 Refraction Method

The surface refraction method was the first seismic test to be used in civil engineering. It
is 2 popular way of determining structure features such as depth to bedrock, and has
simple data acquisition and analysis procedures,

As shown in Fig. 2.7.a, body waves are generated by an impact sourcs (e.g. explosives
or a sledge hammer) on the surfice of the material being tested. The test may be
performed using either compression or horizontally polarized shear wave which is
generated by a vertical and a horizontal impact respectively.

The compression or shear waves which propagate through the mediem are detected by
receivers placed on the surface at various distances from the source. If the compression
wavsarebdngused,thcreﬁversareoﬁentedverﬁcaﬂy;lnthécaseofus&g
horizontally polarized shear waves, the receivers are oriented perpendicularly to an
imaginary line connecting the source and sensor. Generally, compression waves are used
in the refraction method because it has the greatest velocity and will be the first wave
which amives at the receivers. For receiver placed close to the source, the first wave to
arrive will be the wave which travels directly from the source to the receiver (path A in

Fig. 2;.7).
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But for some receivers that are located at critical distance from the source, X, a wave
which travels along path B in Fig. 2.7 will be the first wave to arive because it travels
for a significant time at a higher velocity in the underlying layer. By plotting the time of
first arrival at each sensor versus the distance from the source to that receiver, the
velocity and thickness of each layer can be calculsted using 2 simple relationship
(Fig. 2.3).

The main disadvantage of this method is the inability to detect low velocity layers under

high velocity layers. More details of the method can be found in Richard et al. (1970).
and Borm, (1977).

- 2.3.2 Reflection Method

The reflection method is a field test to map geological structures by measuring the arrival
tin;es of pulses which have been reflected from interfaces between regions of different
mmpedances. Reflection method is used in geophysics for the exploration of geological
formations believed to contain oil and natural gas. The objective of this method is the
determination of layer thickness and depth as well as iregularities of layers.

Similar to the refraction method, body waves are generated by impacting a source (e.g.,
explosives or a sledge hammer) on the surface of the material bemg tested. Most
reflection surveys utilize compression rather than shear waves. The propagated waves
through the medium are detected by receivers placed on the surface at known distances
from the source. In this method, the goal is to identify the wave arrivals due to reflection
from layer boundaries (Fig. 2.9). By plotting the travel time versus offset (distance from
the source) as show i Fig. 2.10, thicknesses and wvelocities of the layer can be
determined using values obtained from the curves and simple relationships.

One disadvantage of this method in engineering application is interpretation of tbc time
records which become complicated. The other disadvantage is that multiple reflections
from one layer may obscure detection of the primary reflected waves from other layers.
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2.4 Wave Propagation in Layered Media

For more than half a century, elastic stress waves have been used for in situ tests for
determining soil and pavement properties. These properties are used for site
characterization, cvaluation of pavement characteristics, design of foundations subjected
to dynamic load, etc. Understanding wave propagation in a layered media is necessary
for development and application of s¢ismic methods in evaluation of soil properties. Soil
media in most instances can be approximated by layered half-space with reasonable
accuracy, especially over short distances. With this approximation, the profiles are
assumed to be homogeneous and extend to infinity in two horizontal directions while
being heterogeneous in vertical direction. This heterogeneity is often modeled by a
number of layers with constant properties within each lajrcr. In addition, it is assumed
that the material in each layer is elastic and isotropic.

This scction reviews background material which is needed for the present study. The
review includes wave propagation in layered media, derivation of equations, types of
waves, parameters affecting shear modulus, stiffness matrix 'of soil layer, signal analysis
including Fourier transform, discrete Fourier transform, fast Fourier transform, spectral
analysis, linear spectrum, auto power spectrum, cross power spectrum, and transfer
function.

2.5 Three-Dimensional Wave Equation in Cartesian Coordinates

In the following, the well-known findamental equations of elastodynamics are
summarized. Complete set of equations can be found in the textbooks by Ewing,
Jardetzky and Press (1957), Richart, Woods and Hall (1970), Aki and Richards (1980),
Ben-Menahem and Singh (1981), Wolf (1985) and others,

The basic wave equations in three-dimensions for body waves in 2 homogeneous

isotropic, elastic half-space can be written in the form of partial differential equations



Vie=-Z [2.1]
P

V@)= - o) [2.2]

where V2 represents the Laplace operator, e the volumetric strain. o circular frequency,
Q the rotational-strain vector and Vp and ¥s wave velocities. Since the velocity Vp is
associated with volumetric strain, it represents the compression or P-wave velocity.
Analogously, the velocity Vs is associated with shear deformation and represents the
shear or S-wave velocity. The volumetric strain e and the rotation-strain vector {Q2} with
the amplitude components Ox, Qy, Qz are defined as

e=u, +v, +w, [2.3]

Qx = %(ww _vag ) [2‘48]

Q, = (-, [2.46])
1

Qz = E(V,x —u,y ) [2.46]

where u, v, w are particle displacements in x, Y, z directions, respectively.

The Vp and Vs velocities can be expressed in terms of Lame’s constants A and )L or in

terms of the modulus of elasticity £ and Poisson’s ratio v, and the mass density p

_[im2E [ Ea=w
VP"J p -\/p(1+v)(1-2v) 23]

_[E.E
VI_J: J; [2'6]

where G is the shear modulus, equrvale:nt to Lame’s constant .
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2.6 Types of Waves

2.6.1 Compression (or P) Wave

The solution of Eq. 2.1 can be obtained by substituting the trial fanction [2.7). The result
is displayed in Fig. 2.11a.

e= —%A,acp[%(-z,x-g y-:,;)] 2.7]
It is verified that the trial finction (Eq. 2.7) satisfies the wave equation if

E+l+F =1 [2.8]
The three scalars /x, Jy, and I, may be considered as the direction cosines of a straight
line. To interpret the ;:xponential function in Eq. 2.7, it is recalled that harmonic motion
is represented as exp(+iax). An expression of the form exp[iaxt-s/Vp)] represents a wave
pr&pagating in the positive s-direction with velocity ¥p . Comparison with Eq. 2.7 leads
to

s=lx+ly+iz [2.9]
This scalar product shows that the coordinate s is measured along a straight Iine. It also
follows that for a given time t = to, the amplitude of the volumetric strain is constant if s
is constant. This is the equation of a plane (Eq. 2.9) normal to the direction of
propagation.

The correspondmg amplitudes of the displacements can be found from

u,=1A exp ;ﬁ(-z,x-z,y-t,z) [2.10a]

P

v, =04, exp ;fﬁ(—l,x-lyy—l,z) [2.10b]

. P -

w, = t,A,e:q:[‘Vﬁ(—I,x-t,,y-I,:)] [2.10a]
P
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where Ap is the amplitude of a wave whose displacement vector coincides with direction
of propagation. This represents the definition of the dilational or P-wave. The subscript
p has been imtroduced to denote the corresponding displacements in Eq. 2.10.
Summarizing, the particle motion of # P-wave with an amplitude 4p takes place along
the direction of propagation (determined by the direction cosines X, /y ./z) and is
constant over the plane perpendicular to it. The velocity of propagation P;D is constant
and depends on material properties only.

2.6.2 Shear (or S) Wave

Turning to the other wave equation (Eq. 2.2), a solution analogous to that of Eq. 2.1 is

given by

{a}=—;—";‘{C}exp[’;,4"’(—m,x—m,y—m,=)] 2.11]

with
nt +nt, +m} =1 [2.12]
mC, +mC, +mC, =0 [2.13]

The direction of propagation is specified by the direction cosines my, my, and m;
(Fig. 2.11b). The velocity equals V.. As the scalar product vanishes, the vector {C} and
thus {2} are perpendicular to the direction of propagation.

The corresponding displacement amplitudes are equal to

[ T
u, =(mC,—m,.C )exp EVQ(-m,x—myy-mxz) [2.14a]
v, =(m,C,-mC,)exp| 7 (-m,x~m,y~m_z) [2.14b]

w, =(m,C, —m,C,,)exp[i?m(-m,x—m’y -m,z)] {2.14c]
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From Eq. 2.14 it follows that the displacements are proportional to the components of
the vector product of {C} and the direction of propagation. This means that the particle
motion of this wave lies in a plane perpendicular to the direction of propagation, This is
the defmition of the distortional or shear (S)}-wave. The subscript s denotes the
corresponding displacements in Eq. 2.14.

The trial functions selected for ¢ and {Q} (Eqs. 2.7 and 2.1 1) do not represent the most
general solution of the wave equations; they correspond to plane waves.

In general, the displacement vector of the S-wave can be further decomposed into 2
horizontal component with an amplitude Agy and into a component with an amplitude
Asy lymg in the plane which contains the global vertical z-axis and the direction of

propagation (Fig. 2.11b).
C.
Ag = o [2.153)
4, =G -mG [2.15b]
v Y
m, +m,

ASH and ASV are the amplitudes of the SH- and SV-waves, respectively. The
displacements in terms of these amplitudes can be reformmlated as

mmAg, -mdy  fiw ]
u, = - (mx—m,y—mz) -
e exp_,.,: m,X = m,y m,~_ [2-16a]
mmAg, +m A [ie |
v, = =T exp| —(-m,x—m,y—m.z) 1
Ty, yomD| (216
io
W, =~ +mt} 4g, w[;(—m,x-m,y-mzz)] [2.16c]
L 7

These expressions are easily verified using simple geometric considerations.
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2.6.3 Surface Waves

In a layered medium, the other two types of waves which can exist are Rayleigh and
Love waves. These waves are called surface waves, while P- and S-waves represent
body waves. Surface waves propagate near the surface of the layered medium. Rayleigh
waves are essentially vertically polarized P-SV waves. For Rayleigh waves the particle
motion consists of vertical and horizontal components as shown in Fig. 2.12. The vertical
and the horizontal component of the Rayleigh waves in an undamped half-space are 90
degrees out of phase. Particle motion at the surface and at depth (greater than 0.2 A)
follows a retrograde and prograde ellipse, respectively. There is a transition zone in

which the horizontal component' of particle motion vanishes (see Fig. 2.12).

Since particle motion is predominantly vertical, receivers for detecting and measuring
~ Rayleigh waves are positioned in the vertical direction. Miller and Pursey (1955) found
that for the case of a vertically oscillating load on a homogeneous isotropic half-space,
approximately 67 percent of energy of the input energy is radiated by Rayleigh waves
while shear and compression waves carry 26 and 7 percent of the energy, respectively.

Also the geometrical damping, the decrease of amplitude with distance from the source
due to geometry of propagation, is smallest for the Rayleigh wave. At the surface of an
elastic half-space, the amplitude of body waves attenuates in proportion to /%, where r
is the distance from the source; whereas, surfaice wave amplitude decreases in
proportion to 1/Vr. The amplitude of motioﬁ decreases rapidly with depth and at 2 depth
of approximately two wavelengths the particle motion becomes negligible.

The propagation velocities of the various waves mentioned above are different.
Compression waves propagate faster than shear waves, and Rayleigh waves propagate
slightly slower than shear waves. The relation between Poisson’s ratio and the P, S, and
Rayleigh wave velocities is shown in Fig. 2.13.
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In a homogeneous isotropic elastic half-space, the velocity of Rayleigh waves is
constant, ie. it does not vary with frequency (see Fig. 2.14). In a layered medium,
however, Rayleigh waves become dispersive (see Fig. 2.15). Dispersion refers to the
variation of wave velocity as a function of the frequency of the propagating wave. In
layered media, dispersion occurs since Rayleigh waves penetrate to (or sample) various
depths of the layered media, depending on their wavelength. High frequency waves, or
those with short wavelengths, propagate in shallow layers, i.c. layers near the surface,
while long wavelengths penetrate to decper layers. Consequently, the velocity of the
propagating wave depends on the properties of the sampled layers. The velocity of a
Rayleigh wave is mainly governed by the properties of the layers through which the bulk

of the wave propagates,

Fig. 2.16 represents dispersion curves for the first three Rayleigh wave modes for a soft
soil layer underiain by a hard half-space. The first mode begins at R-wave velocity of the
half-space for a frequency equal to zero and converges to the Rayleigh wave velocity of
the layer as frequency increases. Higher modes do not exist below so called cutoff
frequency, the frequency below which the motion ceases to propagate.

Love waves are shear waves that propagate near the surface of a solid medinm Padcle
motion of wave propagation is contained in a horizontal plane. Love waves are
therefore said to be horizontally polarized shear (or SH-) waves. In a formation where
shear wave velocity increases with depth, Love wave velocity approaches the S-wave
velocity in the surface layer at high frequencies and the S-wave velocity in the deepest
layer at sufficiently low frequencies. In Fig. 2.17 all types of waves are shown.

2.7 Shear Modulus and Internal Damping of Soil

The shear modulus and damping in soils are impcrtant in the analysis of soil vibration
problems such as evaluation of wave propagation and in the solution of problems of soil-
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structure interaction. Hardin and Dmevich (1972) have indicated that many parameters
affect the shear modulus and damping of soils. The parameters have been grouped into
three categories: very important, less important, and relatively unimportant (see Table
2.1). There are five parameters that, in general, are very important. From Table 2.1, e.g.,
strain amphitude, effective mean principal stress, and void ratio are very important
parameiers for the shear modulus and damping in all soils, whereas overconsolidation
ratio is a less important parameter for cohesive soils, and is unimportant for clean sand.
The material damping, which can be different for P- and S-waves, can be described in
terms of hysteretic damping ratios {p, and & respectively. Taking into account material
damping by introducing complex material properties the complex shear modulus G can
be defined as

G =G(1+24))  [17]

For &pa(s, Poisson’s ratio v will also be complex. Complex wave velocities are equal to
V=V, [1+2{,i [2.18]
Vo=V 1424  [2.19]
Generally, the damping ratio increases as the strain increases. The damping ratio of soil
¢an be determined through laboratory tests. In practice, the damping ratio at low-strain

levels may be chosen m the range of 1% to 5 % based on the soil classification and
viscosity level (Richart and Woods, 1970).



2.8 The Stiffness Matrix Approach

in Problems of Soil Structure Interaction

The stiffness matrix approach is similar to the stiffness matrix or displacement method in
structural analysis, The stiffaess matrix of soil layer, as an extension of the transform
matrix (Thomson 1950, Haskell 1953), was derived by Kausel and Roesset (1981), and
in slightly different form presented by Wolf and Obernhuber (1982) and Wolf (1985).

The stiffness matrix relates forces and displacements at top and bottom of the layer in the
frequency-wave number domain. Simplifying Eqs.2.10, 2.14 by sssuming that the
directions of propagation of P- and S-wave lie in the same vertical plane (dg., the x-z
plane), i.e. imposing Iy=my=0 and taking into account material damping lead to

.. Ix Iz ., mXx = | -
u=LA4, exp[;a)(—V—;—V—'E)]-!-m,Aw exp':za)(— v ——;’:_i :I [2.20a]
v=A, e}m[iw(—z’;?-—mf)] [2.200b]
. %
w=l,d, expl iof—2E—LZy | 4 up[iw(— mx —&.’)] [2.20a]
P Vr v Vs

The in-plane displacements with amplitudes u and w depend only on the P- and S-waves.
The out-of-plane displacement with amplitude v is caused by the SH-wave and is thus
independent of z and w.

Mathematically, the variables x and z of the displacement field can be separated. For
both P- and SV-wave traveling i the positive x direction the displacements can be
written in the form

u(z,x) = u(z)exp(—ikx) [2.21a]

w(z,%) = W(z) exp(~ik) [221b]



where
u(=)= I,[A, exp(iksz) + B, exp(—ks: )]— m,t[A,, exp(ike=)- B, cxp(—ila':)] [2.22a]

w(z)=1,s] 4, exp(iksz)- B, exp(-kss)|~m,[ A, exp(ike) + B, exp(ike)]  [2.22b)

Here u(z) and w(z) can be interpreted as the amplitudes of the wave traveling in the x-
direction.

()
k=— 2.23
- [2:23]
where ¢ and k are the phase velocity and the wave number.
V‘ -
=L=_x 2.24
¢ L m [2.24]
\ 1
S=-—f I-—I—2 [2.25]

and

t=—i fl-iz [2.26]
ml’

The amplitudes Ay, and Bq, are associated with the SV-wave propagating in the -
negative and positive z-direction, respectively, while the amplitudes Ap and By, are
associated with P-wave propagating in the negative and positive z-direction,
respectively.

The amplitude of the normal stress o-(z) and the shear stress To{2) can be expressed as
o, (2)= X (u,, +w,, ) +2G'w, {2.27a]
7 () =G"(x,, +w,,)  [227)
Substituting Eqs. 2.21 and 2.22 in Eq. 2.27 and performing the differentiation with
respect to x and z leads to
0, () =++ikl, (1~ 1*)G"[ 4, expiks=) + B, exp(—iksz))]

) [2.28a]
~ i2km 1G"[ Ag, explikz) = By, exp(—ike=))



2,,(2) =2k, 5G™[ 4, expliksz) - B, exp(iksz)| [2.28b]
+ikm, (1= *)G"[ Ay exp(ike) + By, exp(=ikes)]

The displacement and stress amplitudes at the top u;, w;, -7, o= and at the bottom of
the layer u3, w2, T2, 022 can be calculated from Eqs. 2.22 and 2.28 by introducing
z=0 and =d, respectively, as 2 function of the amplitudes Ap, Agy of the incident
waves and Bp, Bgy, of the reflected waves. Eliminating these amplitudes results in the
transfer matrix shown as Eq. 2.29.
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The state vector is composed of u, w, 7, and o, Imposing the boundary conditions at
z= 0, the external load amplitude Py = -7y, Ry = -0=7, P2 = -1=3, Ry = -0-3 defined
in the global-coordinate system in Eq. 2.29, and performing a partial inversion leads to
the dynamic-stiffness matrix of the layer, shown as Eq. 2.30. To achieve symmetry, R,
R2, w;, and wo are multiplied by i.

The dynamic stiffness matrix of the half-space is derived by using the same procedure but
suppressing the incoming (incident) waves. Therefore Egs. 2.22 and 2.28 are formulated
for z = 0. The condition 4p = Agy = 0 is then introduced and finally Bp and Bgy are

climinated. This leads to (with Py, = -5}, Ry = -027)

is(1+2*) 2 1+¢
P . -
{- ° }‘-—"kG 1+351 . 1+st {lfo l [2‘31]
2

iR, _1+2 w(1+e?) |liw,)
145t 1452

where Py, Ry, represent external load and ug, w, denote displacement of the free
surface of the half space.

Indefinite expression arises in the stiffness matrix in case when k and o become zero or
mfinity. Modified stiffress matrices to avoid this situation can be found in Kausel and
Roesset (1981) and Wolf (1985).
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2.9 Signal Analysis

Signal analysis involves the mathematical calculations required to calculate attributes of a
wave form and may be described in either time or the frequency domain. Generally, it is

preferred to analyse 2 dynamic system in frequency domain.

Analysis in frequency domain in addition to its computational efficiency possesses several
other advantages. By providing a clear representation of the frequency domain content of
the forcing function, it enables one to evaluate the potential for it to excite a given
structure. For problems involving infinite domains such as those of wave motion in
reservoirs of large extent or in unbounded soil media, and in other situations where the
physical characteristics of the system are dependent on the vibration frequency,
frequency-domain analysis may prove to be more effective than a time-domain analysis.
The relationship between time and frequency domain is formulated by Fourier transform
equations. The following section presents Fourier transform and its application i
SASW,

2.9.1 Fourier Trahsform

In the analysis of dynamic response of linear structures, Fourier transform can play an
important role. Briefly, this transform decomposes an arbitrary function in the time
domain into a group of harmonic functions. The Fourier integral transform of a signal is
defined as '

H(f)= [ht)exp(+i2afr)dr [2:32)

where, H(f) is the frequency domain representation of fimction h(t). Similarly, the mverse
transform can be written as:

T [233]



2.9.2 Discrete Fourier Transform

The computation of integrals is mot always easy to solve. In most practical cases,
therefore, Fourier transform is used in its discrete form, which permits the replacement
of the integrals by equivalent numerical computations of areas. The discrete Fourier
transform, and its inverse, transform a time series of samples X(nAt) into a series of
frequency domain samples X4(m Af), and vice versa, and can be defined as

X (mAf)= AtE X(nAt)exp(+2mmAfnat) [2.34]

N=1 '
X(nAt)= A Y X (mAf Yexp(—i2amAfnAt) [2.35]
=l .
where At is the tie interval between samples, Af is the increment of frequency between
each two discretized points, N is the number of samples considered, n the time sample
index, ard m the frequency domain sample mdex.

2.9.3 Fast Fourier Transform

The computations mvolved in obtaining the discrete Fourier transforms of the functions
being convoluted, taking the product of these transforms and evaluating the discrete
mverse Fourier transform are no less than those in a direct evaluation of the discrete
convolution. However, the development of a special algorithm called fast Fourier
transform (FFT) has completely altered this position. The FFT algorithm, which derives
its efficiency from exploiting the harmonic property of a discrete transform, cuts down
the computations by several orders of magnitude and makes frequency-domain analysis
highly efficient. The FFT algorithm requires that the number of samples is a2 power of 2.
Some recently developed algorithms presented by Brigham (1938), allow other bases in
operation. A more detailed review of the subject can be found in Churchill and Brown
(1987), and its numerical implementation in Ramirez (1985), Press et al. (1992),
Brigham (1988), and Hewlett Packard Company (1985).
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2.9.4 Spectral Analysis

Spectral analysis is basically a statistical operation in frequency domain on one or two
signals. Several types of measurements can be made directly with most of the spectral
analyzers that are currently available. The basic requirement is linear spectrum, generally
of bbth an input signal and an output signal. Other functions are defined by using these
two spectra or their complex conjugates.

2.9.5 Linear Spectrum

The lnear spectrum, denoted by Sy(#), is simply the Fourier transform of the signal.
Mathematically, it can be represented as:

5.(7)= 3 X(t)exp(i2 ant)t [2.36]

where Sy(f) and X(1) are the linear spectrum and actual time records, respectively. The
spectrum is a complex function, it can be represented either by its real and imaginary
parts or by its magnitude and phase. The records of two rectangular signals and
corresponding linear spectra are shown in Fig. 2.18. This figure indicates that a short
signal provides a broad linear spectrum, and vice versa. The linear‘spectmm provides
both magnitude and absolute phase nformation for all frequencies within the bandwidth
for which the measurement was taken. Since the absoiute phase is measured, a trigger is
required to synchronize the signal for averaging, Linear spectrum averaging is useful for
dtermining predominant frequencies of dynamic system, or extracting a true signal out
of background noise.

2.9.6 Auto Power Spectrum

The auto power spectrum Gy (/) is equal to linear spectrum Sy (f) multiplied by its own

complex conjugate S, (£).



i

G ()= SIS () [2.37]

The magnitude of the auto power spectrum is the magnitude squared of the linear
spectrum. However, as the Imear spectrum is multiplied by its complex conjugate,
Sx(f) is a real-valued function. The advantage of the auto power spectrum is that it
provides information similar to that of the linear spectrum but does not require a trigger
to synchronize the averaging of signals.

2.9.7 Cross Power Spectrum

The cross power spectrum is the Fourier transform of the cross-correlation function
between two different signals X(?) and ¥(#). The cross power spectrum is defined by the
following equation:

Gpe =S, (f)-Sx(/) [2.38]

where S, (f) is the linear spectrum of the output and S, (f) is the complex conjugate of
the linear specttum of the input. The magnitude of | G, (f) is a measure of the mutual
power between the two signals, making the cross spectrum an excellent means of

identifying predominant frequencies that are present in both the input and output sigpals.

The phase of Gy, (f) is the relative phase between the signals at each frequency in the
measurement bandwidth. Since the phase is a relative phase, the cross-spectrum
measurement can be made without 2 synchronizing trigger. The cross spectrum is used
primarily to determine the phase relationships between two signals that may be caused by
time delays, propagation delays, or varying wave paths between receivers.



2.9.8 Transfer Function

The transfer function H(f), is the ratio of the spectrum of the system’s response

(output) to the spectrum of the system s excitation (input).

H(f)= —g" ((5,)) [2.40)

Thus, the transfer function is similar to cross spectrum. Both provide the same phase
information; the magnitude of the transfer function is normalized by the auto power
spectrum of the input Gy, (f) relative to the ndagnitude of the cross spectrum.
Consequently, the transfer function of a given system should be constant regardless of
the input (if the system does not undergo nonlinear behavior). The transfer function is

frequently used to identify natural frequencies and damping coefficieats of a dynamic

system.

2.9.9 Coherence Function

The coherence function is a practical tool for judging the quality of the observed
signals. The coherence function y*(f) is 2 measurement made in conjunction with the
transfer function. The coberence is a real-valued function that is the ratio of the
response (output) power caused by measured input to the total measured response
power. Mathematically, the coherence function, ¥*(f), is defined as:

- [ (NG (D)
A T YN

[2.39]

The coherence function should be used on averaged signals. If the system is ideal, as
showa in Fig, 2.19, the coherence will be equal to unity for all frequencies. However,
due to the following reasons, the coherence function may be less than unity:



1-There are multiple input signals in the system that are not being measured.
2-Background noise is present in the measurement.
3-The frequency response function is nonlinear for the system.

4-There are closely spaced resonant peaks that cannot be detected with the given

frequency resolution inherent in the digitization of the signal.

5-Waves in frequency range of poor coherence are not adequately excited.
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Table 2..1 Parameters Affecting Shear Modulus and Damping for Complete Stress
Reversal (Hardin and Dmevich, 1972)

Importance to
Parameter Modulus Damping

Clean | Cohesive | Clean | Cohesive

sands | soils sands | soils
Strain Amplitude \Y% A\ \Y \Y%
Effective Mean Principals Stress A% v \Y% \Y
Void Ratio v v \Y% A%
Number of Cycles of Loading Rb R v v
Degree of Szturation R v L 8)
Over consolidation Ratio R L R L
Effective Strength Envelope L L L L
Octahedral Shear Stress L L L L
Frequency of Loading (above 0.1 Hz) R R R L
Other Time Effects (Thixotropy) R L R L
Gram  Characteristics, Size, Shape, | R R R R
Gradation, Mineralogy
Soil Structure R R R R
Volume Change Due to Shear Strain|U R U R
(for strain less than 0.5 %)

3} V means Very Important, L means Less Important, and R means Relatively
Unimportant except as it may affect another parameter; U means relative importance
is not clearly known at this time.

b) Except for saturated clean sand where the number of cycles of loading is a Less
Important Parameter.
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Fig. 2.7-Typical test configuration used in the seismic refraction method
(After Richart et al. 1970).

|
™ Refracted Wave
Direct W 1
é v,
. 1
m:sic : Xc = 2H Bt
1 : V2- Vi
Y : -
o
Distance

Notz: Travel time is based on identifying the inital arrival of the
wave type of interest (P or SH wave)

Fig. 2.8-Typical travel time plot from a seismic refraction test at a site composed of two
layers (After Richart et al. 1970).
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Fig. 2.9-Typical test configuration used in the seismic reflection method
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layers (After Richart et al. 1970).



41

DIRECTION

W OF
% PROPAGATION

SV -WAVE
DIRECTION

OF
- PROPAGATION
SH -WAVE

WAVE
FRONT

Fig. 2.11-Displacements associated with body waves.(a) P-wave; (b} S-wave
(After Wolf, 1985).
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Fig. 2.17-Types of waves in layered soil systems (from Bolt, 1967).
Body waves: (2) compressional wave, (b) shear wave
Surface waves: (c) Rayleigh wave, (d) Love wave.
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CHAPTER 3

THE SPECTRAL ANALYSIS OF SURFACE WAVES METHOD

3.1 Introduction

The spectral analysis of surface waves (SASW) method is a seismic method for
measuring in situ elastic moduli of layered systems, like soils and pavements. The
method is a modification of the steady state Rayleigh wave method which is discussed in
the following paragraph.

Steady-state surfuce wave method is one of the nondestructive seismic surface methods.
This method is used to determine the thicknesses and corresponding shear wave
velocities of the layers of a soil or pavement system by determining the in-situ Rayleigh
wave dispersion curve. In the original steady-state Rayleigh wave method, a steady-state
vibrator acting vertically on the surface of the soil or pavement generated vibrations of a
known frequency that propagated along the surface (Jones, 1962 and Ballard, 1964).

The generated vibrations are detected by a receiver (accelerometer or geophone) with
vertical motion sensitivity located at the surface of the half-space. The receiver is moved
progressively away from the vibrator and successive positions are found at which the
vertical surface motions are in phase with the vibrator (Richart et al. 1970). The distance
between any two in-phase points is equivalent to one wavelength (L) of the Rayleigh
wave (Fig. 3.1). Since the frequency (f) of vibration is known, the velocity of the wave
propagating at that ﬁ'eqi:ency is calculated using:



49

V=4 [3.1]
A plot of surface wave phase velocity versus frequency or wavelength is obtained by
repeating this process for different excitation frequencies. This plot is called “dispersion
curve”. The effective depth of a sampling is assumed to be 1/2 to 1/3 of the wavelength,
and shear wave velocity is assumed in the range of 1.0 to 1.10 times the phase velocity.
These assumptions are empirical and have no rigorous theoretical background.

Therefore, the analysis based on the above assumption cannot pro\nde reliable shear
wave profile in all cases.

The major advantage of the steady-state technique is its analytical simplicity because the
shear wave velocity profile is obtained directly from the field dispersion curve. It also has
low initial cost and requires neither time measurement nor signal analysis. It is, however,
time consuming and impractical for investigating relatively decp-seated deposits with
monochromatic signals since receiver spacing becomes inconveniently large. The
weakness of the method also fies in its neglect of the dispersive characteristic of surface
waves in the mversion process. With the development of digital electronic equipment in
the 1970s, this shortcoming has been overcome.

The advances and modification of the steady-state surface wave method resulted in a
new nondestructive technique known as spectral analysis of surface waves (SASW)
(Hesiey et al. 1982; Stokoe and Nazarian 1983). Rather than using a harmonic source,

the SASW method employs an impact source and results are obtained using FFT
analyses. '

The complete testing procedure for investigating a site with the SASW method can be

divided nto three parts:

1-collection of data in the field,

2-determination of dispersion curve (a2 plot of phase velocity versus wavelength or
frequency) and,

3-mversion of dispersion curve to obtain the shear wave velocity profile.
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Details of these three parts are discussed in this chapter.

2.2 Field Equipment and Procedure

A schematic of the testing setup of SASW method is presented i Fig. 3.2. Surface
waves are generated by an impact source at distance S from the near receiver, and are
then detected by a pair of receivers, and recorded on an appropriate recording device. In

the following sections source type, receiver and recording device, and effect of
| configuration setup such as source-to-near-receiver spacing, receiver-to-receiver

spacing, and source-receiver geometry are discussed.

3.2.1 Source Type

The ideal impact source for SASW testing should be able to generate dominantly
Rayleigh waves over a wide range of frequencies with adequate amplitude so that they
can be detected by the receivers. The choice of source depends on the frequency range
of interest which varies with material properties and receiver spacing. The frequencies of
interest for testing typical soil deposits are 2 to 80 Hz, and for a flexible pavement up to
6 kHz. For a rigid pavement, the upper boundary is about 10 to 20 kHz (Nazarian 1984).

Small, lightweight sources produce high frequencies necessary for sampling shallow
depths, and therefore are used with short receiver spacing. While larger, heavier sources
produce low frequencies for sampling greater depths and hence are used with large
receiver spacing. To generate waves at low frequencies (in the order of 2 to 5 Hz) a
source which can generate an impulse with long duration is required. Based on his
experiments, Namnan (1984) estimated that a period of 100 msec or more is required.
In order to increase the duration of the impact, it can be applied on a soft suriace, such

as a rubber pad.
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The weight of the source has a dramatic influence on the dispersion curves obtained.
Hiltunen and Woods (1990) reported that both the upper and lower cutoff frequencies
decreased as the weight of the source increased.

Depending on the receiver spacings, several types of sources are used in SASW
(Stokoe et al. 1988). At close receiver spacing, small, hand-held hammers are used. At
2.5 to 5 m spacing, sledge hammers or large drop wéights, weighing from 220 to 440 N,
are employed. For receiver spacing greater than 5 m, a variety of sources have been used
including drop weights ranging from 670 to 8900 N, bulldozers, and a very large weight
used for dynamic conpaction (290 kN).

For generating low frequencies, the large dynamic compaction weight is used permitting
wavelengths as long as 150 m to be measured at soil sites. Bulldozers have proven to be
a 'valuable source of surface wave for those situations in which impact sources such as

drop weights were not able to generate sufficient energy over wide range of frequencies
or where these sources were not available,

Hiltuunen and Woods (1990) repo—rted that single source types failed to consistently
duplicate the optimum results at all frequencies.

3.2.2 Receivers

In the SASW method, the generated surface waves are detected by vertically oriented
receivers. Acceleration transducers (accelerometers) and velocity transducers
(geophones) are two convenient types of receivers which are used. The useful frequency
range, sensitivity, and coupling between the receivers and the surface are the most
important parameters which influence the selection and performance of receivers.

A schematic sketch of an accelerometer construction is shown in Fig. 3.3a. The
piezoelectricity phenomenon is used in design of accelerometers. A piezoelectric material
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is one that generates an electric output when subjected to mechanical shock or vibration,

i.e. deformation.

The ratio of the accelerometens electrical output to the mechanical input is defmed as
the sensitivity of the accelerometer. Accelerometers are used over a wide range of
frequencies (up to 20 kHz). They have high natural frequencies and perform well in this
range. Also they are much smaller than geophones making them more appropriate for
measurements ﬁt close spacings. Nazarian (1984), based on his experiments, suggested
that accelerometers were more suitable to reduce the effect of environmental noise.

Velocity transducers or geophones are instruments which generate an electrical output
proportional to the magpitude of motion of the surface onto which they are mounted and
are electromagnetic in nature. The electromagnetic geophone operates on the principal of
voltage generation due to relative motion between the coil and magnet. Fig. 3.3b shows
a schematic sketch of a geophone. The ratio of the electrical output of geophone to the
mechanical input is defned as tramsductivity which depends on the strength of the
magnetic field, the number of tums in the coil and the relative velocity of the coil with
respect to the magnet. The motion of the coil is attenuated with time due to damping of
the system.

The useful frequency range of velocity transducers is between 1 to 1000 Hz. Since the
output of an accelerometer is generally lower than the output of a geophone at low
frequencies, velocity transducers are used in testing of soils. For testing pavements either
geophones or combination of accelerometers and geophones are employed.

3.2.3 Receiver Coupling

Good coupling between the receivers and test surface is necessary to ensure that their
movement is identical. They should be capable of faithfully transmitting to the transducer
the actual motion of the ground over the frequency range of interest. Improper coupling
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often causes errors resulting in the measurement of distorted signal amplitudes, In the
case of soil testing, velocity transducers are generally coupled by using spikes (in firm
soil) or by parially burying (in loose soil). In testing of pavements, both velocity

transducers and accelerometers can be successfully attached by using epoxy and
cyanoacrelate cements.

3.2.4 Recording Devices

The signals detected by the receivers are transmitted by cables to a recording device and
are stored for future analysis. The spectral analyzer is a common recording device for
performing SASW test. It is a digital oscilloscope that, by means of a MICTOprocessor, is
able to perform signal analysis directly in either time or frequency domain. It also yields
various functions of the signals such as linear spectra, transfer function, cross power
Spectra and coherence fimction. For the calculation of the dispersion curve, the phase
spectrum of the transfer function or the cross power spectrum is required. The coherence
function is also required for judging the quality of the signal, which may be enhanced by
frequency domain averaging of several repetitions of the same test.

Nazarian and Stokoe, (1985) estimated that an averaging of five signals is considered to

be adequate. Data i frequency domain is then transferred to a microcomputer for
calculating the dispersion curve.

3.2.5 Source-Receiver Configuration

Two possible arrangements of source and receiver are used in SASW tests. These are the
common receiver mid point (CRMP), and common source configuration (CS). In the
CRMP set-up (Fig. 3.42), two receivers are placed equidistant on both sides of an
imaginary centerline, The source is placed in line with the receivers and the distance to
the near receiver S, is equal to the receiver spacing. In the CS set-up (Fig. 3.4b), the
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location of the source and one receiver remains unchanged during the test, while the
second receiver is moved further away from the other receiver for a new test. The CS
configuration takes less work in field, since only one receiver has to be coupled for

additional spacing.

Nazarian and Stokoe (1983) performed a series of tests using two source and receiver
configurations. The dispersion curves obtained from two configurations are shown in
Figs.3.5 and 3.6. It is observed that the scattering in curve obtained using the CRMP
set-up is much less than that obtained from the CS set-up. This is attributed to the fact
that lateral inhomogenity of testing material is infiuenced more by the CS than CRMP
set-up. Since the materials in p'avements are usually placed under more controlled
conditicas than natural soil, and the lateral extent of the test array is short, it might be
reasonable to expect that the effect of source and receiver configuration is less for
pavements than for soil

In CRMP set-up, by fixing the receiver locations and by averaging the records from
forward and reversed tests, the effect of any intemal phase shift between the two
geophones can be eliminated. In addition, it helps to detect dipping or inhomogenity in
the layer. |

The CRMP and CS configurations are normally performed using a dual channel analyzer.
This means that data collection might be time-consuming, since several receiver
spacings are usually required to fully investigate 2 sire. By using multiple-channel
spectrum analyzers all the data for a given site can be obtained with least pumber of
sources. Hiltunen and Woods (1990) report that the CS configuration is the preferred
| configuration for multiple-receiver array testing since it has the practical advantage of a
fixed source location.

Ideally, it should be possible to use a single receiver spacing to perform an entire test.
However, factors such as the attenuation of particle motion with horizontal propagation
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distance dictate that the test is performed for several different receiver spacings. Then

the data is combined.

3.2.6 Reversing of the Source

Reversing of the source is a process that a test is performed from two opposites of
receiver array as shown in Fig. 3.7. In this process first the SASW test is performed from
one side that is called forward. Then without changing receivers from their original
position, the source is moved to opposite side of the array. The test performed with new
configuration is called reverse. In the reverse process test, the near receiver is the far
receiver of the forward test and vise versa. Reversing of the source has an advantage that
any dipping in a layer can be detected by comparing the relative phase angle spectra from

forward and reverse.

Generally the SASW test is performed for both configurations and thea the results are
averaged. By this process the effects of any internal phase shifts associated with receivers

or recording device are minimized or eliminated.

3.2.7 Source-to-near-Receiver Spacing

~ The distance between the source and near receiver S should be far enough to ensure that
Rayleigh waves are fully established and the amplitudes of body waves are sufficiently
attenuated before arriving at the first receiver. However, if the source is too far away
from the receivers, the Rayleigh wave energy associated with the frequencies of interest
may not be sufficient for detection by the receivers, and background noise may dominate

the record.

Based on theoretical studies, Lysmer (1968) indicated that, at a distance of two and 2
half wavelength from the source, surface wave forms are virtually fully established.
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Heisey et al. (1982) have recommended that the receiver spacing (D) should be equal to
the source-to-near-receiver spacing (S). They also recommended that wavelengths
smaller the 0.5 D or larger the 3 D be eliminated from the data. Nazarian (1984) has
pointed out that since velocities of layers are initially unknown, the above criterion
cannot be applied before testing.

However, theoretical studies performed by Sanchez-Salinero et al. (1987) have indicated
criteria that are different from those suggested by Heisey (1982). They report for a
typical SASW setup in which D = §, waves with wavelength larger than one-half the
- distance between receivers (D) carry a substantial amount of body wave energy.
Therefore it is recommended that field data be filtered so that the value of D/Agp is kept
greater than 2. This was also supported by experimental studies on pavements by
Sheu et al. (1988).

3.2.8 Receiver-to-Receiver Spacing

On the basis of experimental studies, Heisey (1982), concluded that factors which affect
appropriate receiver spacing are the velocity of the material, sampling depth, frequency
range, the attenuation properties of the medium and sensitivity of instrumentation.
Heisey et al (1982) suggested that the distance between receiver (D) should be less than
two times the desired wavelengths and greater than one-third of the desired wavelength.
This relation can be summarized as

A
T’" <D<24, [3.2a]

or

0.5D<4,, <3D [3.2b]
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In order to cover the vavelengih range required to sample the various lavers of a site,
SASW tests need to be performed with several receiver spacings (D). Distances between

receivers of 7.5 cm to 200 cm are typically employed for near-surface profiling of
pavement sites.

The maximum receiver spacing can be determined by estimating the longest wavelength
that is required to evaluate the shear wave velocity profile. For instance, if a profile to a

depth of 10 m is desired, a maximum wavelength from 2 to 3 times of this depth should
be measured.

Since high frequencies attenuate with distance faster than low frequencies, and therefore,
might be dominated by background noise, applying the above criterion ensures that short
wavelengths (A,<0.5D) picked up by the receivers are eliminated. Also the above
criterion with the condition S~D seem to ensure that long Rayleigh wavelengths
(Apx>3D) are eliminated.

Since surface waves might not be fully developed when they arrive at the near receiver
and also are contaminated by body waves, Sanchez-Slinro et al (1987), based on
theoretical studies, suggest that only wavelengths less than 0.5 D should be included in

the analyses to emsure the condition that body waves are insignificant and Rayleigh
waves are developed.

Hiltunen and Woods (1990), based on their experimental studies, concluded that the $/D
ratio should be < 2 and recommended that CS configuration with S/D=1 be used for a -
multiple-transducer array. They also found that the measured phase velocities are
practically independent of S/D for wavelengths larger than 1.5 m (5 ft) and for all values
of D/Aph. Secondly, the measured phase velocities are significantly dependent on S/D
for small values of D/App for wavelengths less than 1.5 m (5 f). Thirdly, the measured
phase velocities are practically independent of S/D for values of D/Ayh of 0.5 or greater,
for all wavelengths.
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Roesset et al. (1990) report that the best result should be expected if S/D ratio is of the
order of 1 to 2. Also values of S/J\.ph between 0.5 and 2 generally produce results that
are very close to those of the plane Rayleigh waves.

Gucunski and Woor's (1992) examined several filtering criteria and suggested a new
criteria;
A <D<4h, [3.3]

They have shown that applying the filtering criteria given by Eq. 3.3 significantly reduces
the errors in the field dispersion curve for irregular soil systems. Implementation of the
above filtering would lead to a profile which is approximately three times shallower than
the profile that would be obtained by Heisey’s criterion. Therefore this increases the need
for a powerful impact source even more whenever deep soil measurements are to be
performed.

3.2.9 Signal Quality

As signals propagate from the source to the receivers, they decay and are mixed by
signals from other sources in the vicinity of the test location. These undesirable signals

are called noise.

Fig. 3.8 shows typical time histories, denoted y(t) and y(t) for receivers 1 and 2,
respectively. Acceptable signals ususlly are very similar to those in Fig. 3.8. These
signals are characterized by an initial quiet period followed by the amival of the impuise
after which the ground surface return to its at rest position. ‘The operator after viewing
them on the display of a dynamic signal analyzer may choose or reject these time signals.
Possible reasons for rejecting signals include the presence of extraneous noise, a double
hit, etc.

Noises may be categorized into two groups: coherent noise and incoherent moise.

Coherent noise is characterized by a fairly narrow bapdwidth. incoherent noise is
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composed of unpredictable signals of random amplitude and onset. The incoherent noise

is believed to be due to winds, sea waves and unintentional man-made disturbances.

Incoherent noise is generally minimized by adequate signal averaging. In the SASW test,
to enhance signal quality, ie., increased signal to noise ratio, the results from five signais
are averaged (Nazarian and Stokoe 1983). One way of indirectly determining the quality
of signal at 2 particular frequency is to determine the coherence function between the
source and measured signals at that frequency (see Section 2.3.9). If coherence is low,
more averages improves the situation.

The effect of coherent noise can only be minimized or eliminated by ignoring the

frequencies common to the signal and the noise.

3.3 Construction of the Field Rayleigh Wave Dispersion Curve

In a perfectly elastic, homogeneous, isotropic, half-space, surface wave velocity is
independent of the frequency. However, these assumptions are not valid for soil profiles,
which typically exhibit variations with depth. Therefore, surface wave velocity vary with
the wave ﬁequeﬁcy. This variation of wave velocity with frequency (or wavelength) is
known as dispersion, and a plot of velocity versus wavelength is called a dispersion
curve.

The dispersion curve is developed from phase information of the cross power spectrum.
This information is used 1o obtain the relative phase chift between two signals at each
frequency. The phase shift results from the waves sensed at the near receiver having to
travel an additional distance D to be sensed at the far receiver. This phase shift can be
translated into travel time as explamed i the following section .

For a travel time equal to the period of the wave (T), the phase difference is 360 degrees,
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Thercfore for each frequency the travel time between receivers can be expressed by

_KNT _HS) "
=360 3605 (4]

where

f= frequency,
t = travel time of the wave at the given frequency, and

&(f) = phase shift in degrees for the frequency.

Because the travel distance is represented by the receiver spacing D, the Rayleigh wave
velocity Vph is simoply calculated by

D
V()= I3} [3.5]
and the corresponding wavelength can be determined by
Vi 360D
=—=—— _ [3.6]
S

By repeating the above procedure for every frequency, the Rayleigh wave velocity
corresponding to each wave length is evaluated and the dispersion curve is determined.

The dispersion curve generated according to equations [3.5] and [3.6] are filtered by
applying the suggested criterion discussed in this chapter. The filtered dispersion curves
for all receiver spacings and both, the forward and reverse, directions are finally
statistically combmed to obtain an average dispersion curve.

Generally, a spectral analyzer displays the phase of the cross spectrum in the range of +
180 (wrapped or folded) and needs to be transformed to a continuous format. This

process is known as unfolding or wnwrapping and is performed by adding the comrect
number of 3600 cycles as shown in Fig. 3.9b. For example, consider the pomt marked as

A in Fig. 3.92 in the raw phase spectrum, the phase is read as 100° whereas the actual
unwrapped phase is 980°,
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The coherence function provides a guide for choosing which points of the phase of
spectrum should be used in determining surface wave phase velocities. In an ideal system
the coherence function will be equal to unity but for the reasons described in Chapter 2
(section 2.3.9), this value is normally less than unity. The low coherence ranges that are
discarded from the construction of dispersion curve are marked as shaded region in
Fig. 3.9¢. Nazarian and Stokoe (1986) have recommended that only frequency raages for
which coherence is greater than 0.90 should be accepted in construction of field
dispersion curves while, Sayyedsadr and Dmevich (1989) used a default value of 0.98 as
the minimum acceptable data, Nazarian and Stokoe (1986) and Sheu et al. (1987)
recommended that the data points having a phase of less than 120° be eliminated from

calculation (Heisey’s criterion).

On the basis of experimental studies Al-Hunaidi (1992) found that using the usual
manner for unwrapping phase angles (Nazarian and Stokoe 1986) can sometimes lead t¢
unrepresentative dispersion curves of the tested site. He reports that under some
conditions spurious cycles may exist in the relative phase spectrum which can be

mistakenly counted as true ones, and proposed 2 correction procedure.

The criteria for source to near receiver distance and wavelength are applied to ensure
that only one surface mode is predominant. Therefore if more than one surface mode or
other wave types are propagated, phase angles will then represent some average
corresponding to all participating surface modes (Douglas et al. 1989). Therefore, such
phase angle will not be suitable as angles for use in the SASW,

The construction of dispérsion curve is time.~onsuming and sometimes requires personal
judgment. Nazarian and Desai (1993) develgl;ed an automated method for construction
of field dispersion curve. At each receiver spacing, knowmng the phase angle, phase
velocity and wavelength associated with a particular frequency are calculated. By using
the least absolute value best-fit criterion, these raw data are combined to construct the '

dispersion curve.
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Generally, unrepresentative experimental dispersion curves due to erroneous phase
unwrapping and incorrect assuraption of single surface mode lead to erronecus back

calculation (inversion).

In summary, the process of the construction of field dispersion curve can be summarized
in the following steps:

1-Find the unwrapped phase angle by adding the correct number of 3600 cycles to the

phase angles of cross power function.
2-Discard the phase data which fall within a low coherence range.
3-At each frequency that is not eliminated, calculate phase velocities and wavelengths
using Eq. 3.4 through 3.6.
4-Combine dispersion curves constructed from different spacings to generate the final

dispersion curve.

The shape of dispersion curve depends on the variation of soil properties with depth. The
particle motion at a given frequency and wavelength is restricted to a soil depth of the .
same order of the wavelength. Also the velocity of propagation of the surface waves

depend almost éxclusively on the soil properties over that depth.

3.4 Inversion of the Rayleigh Wave Dispersion Curve

Inversion of the Rayleigh wave dispersion curve is a process of obtaining the actual
propagation velocities at different depths from the dispersion curve. In other words,
inversion is the process of determining the ‘depth of each layer and shear wave velocity
for each layer from the apparent Rayleigh wave velocity versus wavelength.

ﬁe imversion process in the steady-state surface wave method as described by
Richart et al. (1970), is based on two approximate relationships. The first is based on the
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theoretical observation that, within normal range of Poissons ratio ( 05 v <$0.5), the

shear wave velocity is approximately 110 percent of the phase velocity, i.e..
V, = L10F,, [3.7]

The second relationship is based on the theoretical attenuation of both components of
the Réyleigh wave as shown in Fig. 2.3. It is reasonable to assume that the bulk of the
Rayleigh wave travels through a zone of the haif-space about one-wave-length deep. It
could further be postulated that the average properties are those at depth of one-half to
one third wavelength. Using an equivalent depth equal to one-third of Rayleigh
waveleagth was found to give a reasonable estifnate of the actual profile of a pavement
site (Szendrei and Freeme 1970).

In the preliminary inversion of the SASW method, Heisey et al. (1982) considered that
the effective depth of sampling is equal to one-third of a wavelength. They also assumed
that the apparent and actual Rayleigh wave velocities for each wavelength were equal.
Nazarian and Stokoe (1983), based on experimental studies, found that the above
assumption is applicable to soil sites with relatively uniform, thick layers. In other cases
when the contrast in shear wave velocities is larger this method can often lead to

doubtful results. A new inversion process was developed by Nazarian (1984).

The refinement process is an iterative procedure based on forward modeling. In this
process a theoretical dispersion curve is matched to the experimental curve obtained in
the field. In calculation of the theoretical dispersion curve, the actual site is modeled as a
layered half-space with uniform, elastic layers of infinite horizontal extent. The shear
wave velocities, thickness, Poisson s ratio, and mass density of the layers in the profile
are assigned initial values. For thls assumed layering, a theoretical dispersion curve is
determined using a2 modified version of the Haskell-Thomson matrix solution (Thrower
1965). The theoretical dispersion curve is then compared to the experimental dispersion
curve obﬁained in the field. The assumed shear wave felocities and thickness of the layers
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in the model are adjusted until satisfactory agreement between theoretical and
experimental dispersion curves is obtained. At that point the shear wave profile is

accepted as a solution.

Parametric study of dispersive characteristic of Rayleigh wave by Ewing et al. (1957)
shows that the variation in values of Poisson’s ratio and mass density have less than 10
percent effect on the final shear wave velocities for reasonable choices and, therefore, are

generally not varied after the initial choice is made.

Hosstan and Dmevich (1989), Addo and Robertson {1992), also developed inversion
procedures. These methods are different from the one developed by Nazarian (1984) in
two ways: (i) they use a modified version of the Thomson-Haskell method developed by
Knopoff (1964) and (ii) they automate the dispersion curves matching using optimization
techniques with least squares criterion. Hossian and Dmevich (1939) used Powell’s
conjugate directions method while Addo and Robertson used Nelder and Meads (1965)
Simplex method for minimizing least squares errors. Hossian and Draevich also used the
discrete layer stiffness matrix method originally developed by Lysmer and Waas (1972)

to calculate theoretical dispersion curves.

This method, unlike the Knopoff or Haskell-Thomson methods lead to a
nontranscendental quadratic eigenvalue problem which does not require root search
techniques to solve. Later Nazarian automated his inversion procedure using least
squares fitting with linear approximation (Yuan and Nazarian, 1993). Lately, Meier and
Rix(1993) and Williams and Gucunski (1995), imtroduced automated imversion
procedure using Nueral Networks which are trained using a large data base of theoretical

disperston curves.

An artificial neural network is used to invert surface wave dispersion. In order to
generate the data base, synthetic dispersion curves are calculated for representative'shear
wave velocity profiles. Then an artificial neural network is taught to map these dispersion
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curves back into their respective shear wave velocity profiles. Artificial neural networks
are much less semsitive to incomplete and noisy data than optimization techniques.
However, because neural networks approximate the mapping of dispersion curves into
velocity profiles, their results may not be as accurate as those obtained using
optimization techniques. Therefore, in situations where time is not as critical as accuracy,

an artificial neural network can provide 2 good initial profile for optimization method.

In all existing SASW inversion methods, plane Rayleigh waves are used for calculation
of theoretical dispersion curves. It is also assumed that the first mode of surface waves is
the predominant propagation mode. Roesset et al. (1991), show that the use of the plane
Rayleigh wave solution with the dispersion curve corresponding to the first mode of
propagation is reasonable for soil deposits with gradual variation of properties but
cannot reflect sudden jumps and discontinuities in the slope of the curve caused by wave
reflection or refraction. They recommend to use the more accurate three dimeasional
solution for more complicated soil profiles and most pavement systems. Theoretical
studies conducted by Sanchez-Salinero et al. (1987), and Gucunski and Woods (1991)
show that higher Rayleigh modes provide a significant, and in many cases, a dominant
influence on the overall wave propagation along the surface of a system. Therefore the
inversion of the dispersion curve should not be guided solely by the theoretical first
Rayleigh mode.

Gucunski and Woods (1992) have suggested the use of a simulated dispersion curve to
overcome difficulties associated with multi-modes. In this method, the inversion
procedure is performed by comparing the dispersion curve obtained from SASW field
tests in the usual manner with the dispersion curve obtained from analytical or numerical
simulation of the actual SASW tests used in the field. Tokimatsu et al. (1991) suggested
that use of particle orbits together with dispersion data to overcome diﬁculﬁes
associated with moulti-modes propagation.
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The inversion procedures based on simulated dispersion curves may be computationally
complicated and expensive. An alternative way is to separate the experimental dispersion
curves into participating modes and to compare those to the theoretical dispersion
curves. Al-Hunaidi (1994) has applied the multiple filter/crosscorrelation method for
resolving the actual dispersion curves belonging to the various modes contributions to
SASW signals. He found that this method is effective for phase velocity calculation if the
modes comprising the signals are well separated. But in situations where the propagation
velocities of the modes are similar or vibrations belonging to different modes interfere
with each other, the modes yield poor results. However, in the case where SASW signals
are dominated by one surface mode only, the multiple filter/crosscorrelation method
yields representative results even when mode jumping occurs in comparison with the

usual phase hnwrapping procedure.

3.5 Conclusion and Research Needs

The Spectral-Analysis-of-Surface-Waves (SASW) method, is an improvement of the
steady-state Rayleigh-wave method of in situ seismic testing. The SASW is a
nondestructive testing procedure for determining in situ elastic moduli and thickness of
layered system, like soils and pavement. The test is performed from the ground surface

and thus requires no boreholes. The method has been under development since 1980.

Unfortunately, there are still no staﬁdard procedures for performing the SASW metho;i.
The main disadvantages at present are that field testing and data analysis are not
performed rapidly. An important step toward reducing testing time in the field is the
development of a multiple transducer testing procedure in which all the data for a given

site can be obtained with the least number of source excitation on the test surface.

Also, there is uncertainty regarding source-to-near-receiver spacing and wavelength

selection criteria to ensure that one surface wave mode is predominant. Since at certain
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frequencies. the wave field may be compromised of more than one surface wave mode
and (or) types, the phase angle obtained represents some average of all participating
surface wave modes. Therefore, these phase angles will not be suitable as an analysis
parameter in the SASW method. Currently there are no methods of detecting these
invalid phase angles that are causing inconsistency in the dispersion curves. The filtering
criteria suggested by Sanchez-Salinero et al. (1987), is contrary to the suggestion of
Heisey et al. (1982). This conflict may be due to performing the tests at sites with
different properties. Obviously, further investigation of these conflicting criteria is
needed.

The inversion process is normally based on two dimensional solution in which only plane
Rayleigh waves are considered. The experimental dispersion curve which is a result of
three-dimensional wave propagation, and includes both body and Rayleigh waves is
compared with theoretical dispersion curves for the plane Rayleigh wave. Therefore, it
seems there is discrepancy between analysis and measurement in the site. This
discrepancy is more pronounced when there are sharp changes in the properties of the
layers. Therefore, development of a three dimensional procedure for inversion is needed.

In case of irregular stratification ie., when the shear wave velocity does not increase
with depth, the higher Rayleigh modes provide a significant, and in many cases, a
dominant influence on the overall wave propagation along the surface of a system. The
inversion of the dispersion curve for such sites should not be guided solely by the
theoretical first Rayleigh mode. Therefore, improvement of the SASW method requires
the development of an inversion program that can handle multi-modes in the inversion

procedure. Also, it is necessary to explore the impact devices for measurements in deep
deposits.



Receiver Position 1 Receiver Position 2
Electromechanical Vibrator

—— —Pig — P

Fig. 3.1-Layout of the testing setup of the Steady-State Rayleigh wave method.

- Bl ~
Analyzer
\ —]
¢

—
Portable Micro-computer

Vertical Receiver 1 CL Vertical Receiver 2
lmpulsiv\esAoume /

":'--m W 1—1:1!2—)é |
|4— s > q— D(vaﬁable)—>|

Fig. 3.2-Layout of the testing setup of the SASW method (after Roesset et al. 1990).



o9

Housing

%
Zi

Spring

-

7 At
Z

.

y A 4

Mass

Piczoelectric
Dises

—_ —Qutput

Terminal

Base

(a)-The Ficzoelectric Accelerometer (After Bruel and Kjar, 1978).

%
l

=

’,'

Spring
/\::==-
Elecoical
Cutput
Conductor

(b).Basic Geophone Construction

Fig. 3.3-Schematic diagram of Signal Receivers



‘ Distance |
. m - -
24 16 8 8 16 24 () DX
VW 1
!‘:ls’ 2
\ AR 4
v - - 8
< : - A 4
\ 4 < 1 < ' 16
* DX: Receiver Spacings
W:Source (@)
< .Receiver
Distance
my- -
40 32 24 16 8 0 () X
<Y 2
[}
< ] < A 4 16
]
* DX Receiver Spacings (b)
V:Source
< Receiver

Fig. 3.4-Source-receiver geometry: (a) common receivers midpoint geometry,
(b) common source geometry (After Nazarian & Stokoe, 1985).

70



(4]

1]

 Wavelength, ft

30

f..z//////; ,7// l

\“'\;%\\

NN\

1

! -
Rectiver Spacing, ft /%/ .

SN
1

Mt x 0 00 +p
a0 oo

b

] ] 1 [ 1

8

W X0 a0 S0 &0 T00
Phase Velocity, fps

71

Fig. 3.5-Dispersion curve from SASW tests performed usmg comon source geometry

(from Nazarian and Stokoe, 1983).

4]

Wavelength, f¢

24=

(3]
T

Receiver Spocing, #t / /
y/

4 1 1

¢
3

o 2 7]
x 2

A 4 _ 7

+* 4 ‘ {/ -
e I6 I/I

=T =

h] 1 3 1

°

! !
100 200 300 00  S0C 600 700

Phase Velocity, fps

Fig. 3.6-Dispersion curve from SASW tests performed using common receivers midpoint

geometry (from Nazarian and Stoke, 1983).



To channe! 2

—_—

To channel 1

| c ]
l ‘ L
\v—: N e B [_ r—|
* ] .
‘ \*’ » \ v\\ [
> \ : ™ Far Receiver
Direclion of Propagation Near Receiver
{(a) Forward Profile

To channel 1

To channel 2 c
L
' ="
— v v '\
\ : Near Receiver

Far Receiver <
Direction of Propagation

(b) Reverse Profile

Fig. 3.7-Scherpatic illustration of Forward and Reverse profile tests.

Output Monitored by Receiver 1, yy(t)

Amplitude, volls
b o w o

(=}
-
18]
w
A -
"
[
-
@

Output Monitored by Receiver 2, ya(t)

4]

Ampiitude, volis

dnboc_a

Fig. 3.8-Typical timne histories resuiting from an impact source.



73

il

|

iﬁ'f

!

!

Il

Phasc, degree

|

L

1804 _
a) Cfoss Power Spectrum . 1
1800
1600} ForPoint A e
Wrapped Phase (from Figere a) = 100° ===
1400} Unwrapped Phavse (3x360-200) = 980° i
&
2 toof
& 1000
S 10
5..:‘ 800} = A
= soof =
[~
4001
200 b) Unwrapped phase angle
o Fo SO
0 10 20 a0 ) 50
Frequency, Bz
G
=
2
=
&
-

¢) Coherence Function

10 20 30
Frequency, Hz
Fig. 3.9-Typical spectral functions:

(a)Wrapped phase mformation of cross power spectrum:
(b) Unwrapped phase information of cross power spectrum;
(¢) Coherence function (Nazarian and Desai, 1993).



CHAPTER 4

CALCULATION OF THE DISPERSION CURVE

4.1 Introduction

In 2 homogeneous, isotropic, elastic half-space, Rayleigh wave velocity does not vary
' with frequency. However, Rayleigh wave velocity varies with frequency in a layered soil
system because of variation of stiffness with depth. This frequency dependency of
surface wave velocity in a layered system is termed dispersion and a plot of velocity
versus frequency or wavelength is called dispersion curve. Procedures for calculation of
thecretical dispersion curves are discussed in this chapter.

4.2 Dispersion of Plane Rayleigh Waves

"The plane Rayleigh wave dispersion curve can be calculated using the théory of
propagation of elastic surface waves in a layered half-space. The mathematical model
consists of a horizontally layered half-space with properties varying from one layer to
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another but constant within each layer as shown in Fig. 4.1. The dispersion equation can
be derived either by the transfer or the stiffness matrix approach.

4.2.1 The Transfer Matrix Approach

The transfer matrix of a layered soil system was first derived by Thomson (1950) and
later was corrected by Haskell (1953).

In this section, the transfer matrix approach is presented briefly. More detailed discussion
on the subject can be found in the above references and in Nazarian (1984), Nazarian and
Stokoe (1986) and Sanchez-Salinero et al. (1987).

The transform matrix [T] or propagator matrix gives displacements and stresses at the
bottem cf the layer in terms of displacements and stress at the top of the layer as follows:

Uh- - Uc
[Sh Jy - [T]J [So ] [4. 1]

J

u is the displacement in the x-direction, w is the displacement in the z-direction, the
subscripts b and o indicate bottom and top of layer respectively, 1., and o, are the
stresses on a horizontal plane. '

The compatibility of displacements and stresses at the interface of any two adjacent

s
- [42]
[S,, , LSedm

layers can be written as
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Substituting Equation 4.2 in Equation 4.1 results in

U ] U ]
| =[7] [ ° [4.3]
[SO |+l / S° .Ij
By repeating the above procedure for zall of the layers, a relationship can be obtained

between the displacements and stresses at the surface of the layered system and those at
any depth:

[g:L . [rl[rLl...[r]l[;’:']l 44}

Considering the half-space layer number n+1, ore can write an equation that relates
displacements and stresses at the top of the half-space with the amplitudes of the upward
and downward propagating waves in the half-space as

A .

Ul _ B|

[ 5, L_[}&r]M cl [4.5]
D

1
Where A, B, C and D are proportional to the amplitudes of the waves propagating in the
downward (A,B) and upward directions (C,D), in the half-space, respectively.
Substituting Equation 4.5 into Equation 4.4 results in

A

Ly L,
el 2
D L, L, s

where matrix [L] wiich relates the amplitudes of the outgoing and ingoing waves in the
half-space and the displacements at the surface is a 4x4 matrix

[L]=[BT 7L [T [4.7}
Rayleigh wave modes represent natural modes of wave propagation. That means no -
forces are applied at the top of the layered system (ie., S,; =0) and no waves are
assumed to travel upward in the half-space (e, Cyy = Dy = 0). Therefore, equation 4.6
becomes
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| i

B I 22

o =[i [0 } [4.8]
L, :L, '

0 SERY

In order to find a nontrivial solution, the determinant of the submatrix L-; must be zero,
Le: |

|Ly|=0 [4.9]

This equation is called the characteristic equation which relates frequency () with phase
velocity (Vph). At any frequency, there may be several values of velocity that satisfy this
equation. Each value of velocity corresponds to a different mode of propagation and
defines a different dispersion curve,

The transfer matrix approach caused difficulties during numerical implementations in the
high frequency range. That is, some components of the matrix become large, causing 2
loss of significant figures which makes it impossible to obtain accurate value of the roots.
This problem was later solved by Knopoff (1964), Dunkin (1965), Thrower (1965), and
Watson (1970) by techniques that use second and third order subdeterminants of a layer.
The problematic terms are eliminated by these techniques before computing products of
matrices. However, they require more computer memory and time compared to the
original Thomson-Haskell solution as programmed by Press et al. (1961).

4.2.2 The Stiffness Matrix Approach

An alternative method for computing the modes of propagation and their dispersion
curves is the stiffess matrix approach. The stiffaess matrix of a layer, as described in
section 2.2.4 relates forces and displacements at top and bottom of the layer in the
frequency-wave number domain.

If the soil system consists of several layers, the global stiffaess matrix is constructed by
overlapping the contribution of the layer matrix at each node (interface) of the system. In
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this case the global load vector corresponds to the prescribed external forces at the
interfaces between layers. Therefore, the assembly and solution of the equation is

formally analogous to the solution of structursl dynamics problems in the frequency

domain,

The assembly process is shown in Fig. 4.2. It leads to the system of equations defined by
[xHu}={r} [4.10]
where [K] represents the system stiffress matrix, {U} the vector of interface
displacements, and {P} the vector of external fnterﬁace loadings. Since Rayleigh wave
modes represent natural modes of wave propagation, the latter are obtained from the
eigenvalue problem that follows from setting the load vector equal to zero.
[K{vl=0 [4.11]
where for a fixed angular frequency o, the eigenvalues represent phase velocities of the
Rayleigh wave while U represents its shape as a fimction of depth. For a montrivial
solution the determimant of matrix [K] mmst be zero

|K|=0 [4.12]

4.3 Root Searching

Because the stiffness matrices include transcendental fnctions, theoretically an infinite
number of modes is possible. To solve Equation 4.12, either the value of frequency or
phase velocity should be assumed. The resulting equation is then solved using numerical
search techniques as an explicit solution is not available, except for simple one or two
layered media.

Schwab and Knopoff (1970) have shown that a dispersion curve can be obtained with a
single computer nn by a procedure that specifies a set of frequencies and iterates over
velocity at each frequency. At very high and very low frequencies, phase velocities do
not vary by much, and they are approximately equal to the Rayleigh wave velocities of

1
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the top and bottom layers, respectively. As the number of increments increase,
reasonable results can be obtained. However, as the number of increment increase, the

computation time is increased.

At each frequency, a number of velocities (roots) that satisfy Equation 4.12 exist. These
different roots correspond to various modes of propagation. Tie root with minimum
magnitude is called the fundamental mode. The first higher root than the fimdamental is
called first mode and so on.

In this study, for solving Equation 4.12, a computer program was developed in which the
frequency is assumed as the independent variable. In the first version of this program
damping of soil layers was not considered, therefore the determinant and the phase
velocity are real and the phase velocity is equal to the apparent velocity. At each selected
frequency, the program computes the determinant for each increment of velocity in the
range of velocities sclected. A root of the dispersion equation for a selected frequency is
first located between two phase velocities whose determinants have opposite signs.
Then, the root is pinpointed using one of several methods as discussed next.

4.3.1 Bisection Method

The bisection method was first used to locate the roots. This method is simple. Over
some interval the function is known to pass through zero because it changes sign, It is
assumed that for a continuous fimction f, defined on the faterval fa,b], with f{a) and f{b)
of opposite sign there exists p, a<p<b, for which flp)=0. Next, the function at the
midpoint of the interval is evaluated and its sign is examined. The midpoint is used to
replace whichever limit has the same sign. After each iteration the bounds containing the
root decrease bj a factor of two.
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To illustrate how the Bisection method works (Fig. 4.3a). set a= a; and b = b,. and let
P1 be the midpomt of [a, b], ie. pi1= 1/2(a; +by). If fip;) = 0. then p = p;: if not. then
f{p:) has the same sign as either f{a,) or f{ib;). If §p;) and f{a,) have the same sign, then
PE( P1, b1), and we set a-= p, and b>=b,. If f{p,) and f{a,) have opposite signs, then
pe( a1, p1), and we set 2= &) and b= p;. We then reapply the process to the interval
[a2,b2].

The Bisection method, though conceptually clear, has significant drawbacks, If the
interval happens to contain two or more roots, the bisection method will only find one of
them If the interval contains no roots and merely straddles a singularity, it will converge
on the smgularity. Due to the above difficulties and those shown in Fig, 4.3b to 4.3d in
finding the roots of the determinant, this method was abandoned. In the second version
of the program, the Newton-Raphson method was applied.

4.3.2 Newton-Raphson Method

The Newton-Raphson method requires the evaluation of both the fimction f{x), and the
derivative  f(x), at arbitrary point x. The Newton-Raphson formmla consists
geometrically of .extending the tangent fine at a current point x; until it crosses zero, then
setting the next guess x;»; to the abscissa of that zero-crossing (see Fig. 4.4). Applying

this method for finding the roots of Eq. 4.12, gives satisfactory results as discussed
later.

43.3 Stéepest-descent Method

In the second version of the inversion program damping of the layered soil system is
considered. For nonzero damping, the determinant and hence the phase velocity are
complex. Under this condition Eq. 4.12 was solved based on a steepest-descent



31

procedure as recommend by Wolf (1985). This method replaces the root-finding problem

by an equivalent problem of minimization. For example, solving

S(x,y)=0 8(x,3)=0 [4.13]
is clearly equivalent to minimizing
S(63) =1/ (x, )] +[g(x,NF [4.24]

Beginning at an initial approximation (x,,),). we select the next approximation in the
form

X, =%,—15,, Yi=Yo 15, [4.15]
Where S, and S, are the components of the gradient vector at (x,,,). Thus progress
is in the direction of steepest descent. The number t may be chosen to minimize S in this

direction. Similar steps follow.

In this version of program the real and imaginary parts of phase velocity are iterated for
the specified frequency uatil the real and imaginary parts of the determinant vanish.
However, computational difficulty (overflow) at high frequencies was encountered when

using this method, and consequently Muller’s method described next was investigated.

4.3.4 Muller’s Method

This method is a generalization of the Secant method. The Secant method begins with:
two initial approximations X, and x; and determines the mext approximation X: as the
intersection of the x-axis with the line through (x, x0)) and (x1, f{x1)) (see Fig. 4.53).

Muller’s method uses three iitial approximations x,, X;, and x; and determines the next
approximation x3 by considering the intersection of the x-axis with the parabola through
(X, f{x o)), (x1, fx1)), and (x 3, f{x3)) (see Fig. 4.5b). No numerical difficulties were
encountered with this method.
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Detailed description of the Muller, Bisection and Newton-Rophson methods can be
found in most nurrerical text books (e.g. Burden and Faires, 1988). To reduce
computational time in the case of non-zero damping, the program first finds the range of
the imaginary part of phase velocity. This is done by interpreting the ratio of imaginary
to real parts as the effective damping ratio.

4.3.5 Verification of Computer Code

The computer program developed here was tested by finding the dispersion curves for
several different soil stratifications. Fig. 4.6 shows the results obtained with the program
developed in this study for a homogenecus layer resting on the half-space with and
without damping and the dispersion curve reported by Wolf and Obernhuber (1982).
Fig. 4.6 shows that first Rayleigh mode begins at Rayleigh wave velocity of half-space
for frequency £=0 and converges to ‘the top layer’s Rayleigh wave velocity for frequency
fom,

The results obtained (see Fig. 4.6) indicate that material damping does not affect
Rayleigh wave dispersion curve. The damping only causes attenuation of waves, while
the apparent velocity remains almost equivalent to the phase velocity of undamped

Further verification of the program was done by considering three more cases of
stratified soil sites as shown in Fig. 4.7. Case one represcnts a soil profile of regular soil
stratification, ie., when the shear wave velocity increases with depth, while case two
Tepresent irregular soil stratification, with a soft layer trapped between harder surface
layer and 2 half space. Case three is an example of a system with a hard layer trapped
between softer layers. The obtained dispersion curves are shown in Figs.4.8a, 4.92, and
4.10a.
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Gucunski (1991), Gucunski and Woods (1992) calculated dispersion curves for the
same cases as shown in Figs. 4.8b, 4.9b, 4.10b. By comparing these figures to Figs. 4.8a,
4.89a, 4.10a, it is verified that the program performs well for soil stratification problems.

4.4 Difficulty in Construction of Field Dispersion Curve

As discussed earlier, presently there is no standard procedure available for performing
the SASW method in the field. More development is needed for field testing and data
analysis. The main goal in performing the SASW test in the field is to obtain the
experimental dispersion curve. To develop the field dispersion curve, it is first necessary
to obtain tiie relative phase shift, ¢, between two signals as a fimction of frequency from
phase information of cross power spectrum or transfer function. Then the relative phase
shift is used to calculate the time (Eq. 3.4) for each frequency component of the signal to
travel between the two receivers. Knowing the distance D between the two receivers, the
phase velocity and corresponding wavelength can be obtained from Eqs 3.5 and 3.6. By
repeating the above procedure for each frequency and for all spacings, the Rayleigh wave
velocity corresponding to each wave length can be evaluated and by combining these
data, the dispersion curve is determined,

Generally, the signal analyzer displays the phase of the cross power between ~130° and
180° {wrapped) and needs to be transformed to a continuous format (unwrapped). This
is performed by adding the correct number of 360° cycles. The coberence function
should be used as a tool for assessing the quality of the observed signals. The low
coherence parts of the signal must be discarded from construction of dispersion curve.

As reported by Al-Hunaidi (1993), under some conditions, spurious cycles may exist in
relative phase angle spectra that may be mistakenly counted as true ones and thus leading
to an error in unwrapping of phase angles. This situation exists for sites where, dominant

surface wave propagation from one mode shifts to another mode. The phenomenon is
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called mode jumping. Therefore. the usual procedure for unwrappmg is unreliable for

sites where mode jumping occurs.

Also, in the usual phase unwrapping procedure, the distance between receivers is taken
equal to the spacing between the source and the near receiver. Currently used
wavelength filtering criteria, e.g. Heisey et al. (1982) and Sanchez-Saliners et al. (1987)
may not be enough to ensure that only one surface wave mode is dominant at a particular

frequency.

4.5 Case Study

To demonstrate the above mentioned difficulties, a SASW test was performed on a
flexible pavement section of a service road at the National Research Council, Ottawa
campus.

4.5.1 Field Testing Setup and Data acquisition

The CS array geometry was used, and the spacings between receivers were 0.125, 0.25,
0.5, 1.0, 4.0, 8.0, and 16 meters. Four types of accelerometer transducers were used to
pick up the seismic signal, depending on the frequency range of mterest. For spacing
0.125 m, to profile shallow layers using short wave lengths, accelerometers which are
sensitive in the high frequency range were used (PCB model 309 A). PCB model 308b10
and PCB model 306C accelerometers were used for (0.25, 0.50 m) and (1.0,2.0,4.0 m)
spacings, respectively. To pick up low frequency signals to profile deeper layers B&K
8306 accelerometer was employed for the 8.0 m spacing. The transducers were attached
to small aluminum plates using steel studs or double sided tape. The plates were glued to
the pavemenf surface using 5-minute epoxy glue to ensure good coupling. A portable
dnal channel FFT analyzer (P 35670 A) was utilized for recording and analyzing the
data.
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As mentioned in Chapter 3, Section 3.2.1, the dynamic signal is generated in the
pavement using a variety of sources depending on the frequency range of interest or the
desired depth of sampling. For 0.125 m spacings a small steel ball was used, and a light
ball pcen hammer (0.3 kg) was used for 0.25, 0.5, 1.0 m spacings to produce high
frequency vibration which is necessary to sample shallow layers. A heavy sledge hammer
(8 kg) and drop weight (approximately 100 kg and height varied between 1 to 2 m) were
employed for large spacings to induce a signal with low frequency. To enhance signal
quality, ie., increases signal to noise ratio, the results from five signals were averaged. In
order to produce a signal with high coherence in the frequency range of mterest, the test
was repeated using different sources or impact surfaces, e.g., by employing rubber pads.
To detect dipping or inhomogenity in the layer the test was perform for both forward

and reverse configuration.

4.5.2 Construction of the Field Dispersion Curve

The relative phase angle spectra and corresponding coherence function for 0.125, 0.25,
0.5, 1.0, 2.0, 4.0 and 8.m receiver spacings are shown m Fig. 4.11, respectively. The
usual procedure for unwrapping was used and the phase velocity and the wavelength
was evaluated (using equations 3.4 through 3.6). These calculations were performed in 2
commercial spread-sheet program (Excel). Data points with low coherence (e.g., less
than 0.90) were ehminated. Since forward and reverse tests of the relative phase angle
spectra for 1.6.0 m spacings (Fig. 4.11) are different from each other this implies that the
layers are not horizontal and hence this spectrum was not included in the analysis.

In filtering the wavelength the followmg three criteria were applied :

1) Pomnts for which the wavelength does not satisfy Heisey criterion 0.5 D <A <3D are
discarded (where A is wavelength and D is recetver-to-receiver spacing). The
corresponding dispersion curve is shown in Fig. 4.12 a.

i) Applymng the Sanchez-Salnero et al criterion, A <0.5D
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iil) Applying Gueunski and Woods criterion 0.25 D<A <D.

The dispersion curves obtained with critenia (it) and (iii) are shown in Figs 4.12b, 4.12¢c.

From Figs. 4.12a, 4.12b, 4.12¢ it can be seen that different dispersion curves are
obtained for this site depending on the filtering criterion used. This may be due to the
participation of more than one surface wave mode or other type of motions that can not
be distinguished by available criteria. However, it seems that Sanchez-Salinero filter
criterion works better than other criteria but the implementation of this criteria increases
the need for powerful impact sources as the depth of sampling increases. Therefore, it is
necessary to find a method that enables the separation of modes from each other. Such a

procedure will significantly assist the interpretation of SASW results,

In order to find 2 reliable dispersion curve the following criterion is introduced. Since the
SASW test is usually performed for several receiver spacings, therefore the dispersion
data from different spacing are overlapped over wide frequency ranges and for each
frequency several dispersion data may be available. These dispersion data must be
combined to generate the average dispersion. In the new filtering criterion, the data
points at same frequency but obtained from two different receiver spacings are rejected if

they are not in close agreement. The dispersion curve obtained in this way is shown in
Fig. 4.13.

4.5.3 Inversion of the Field Dispersion Curve

Inversion is the process of determining the thickness and shear wave velocity of each
layer from the field dispersion curve. The inverse problem is difficult to solve, because
interpretation from a dispersion curve to a structural model is nonlinear and nonunique
(Knopoff 1961; Thrower 1965; Mora 1988). Generally, the adopted procedure for
handling this nonlinear problem is to employ a technique that only requires solution to
forward problem to find the inverse mapping. This technique was first adopted by
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Dorman and Ewing (1962). They computed the theoretical dispersion curve for an
assumed initial structure and then iterated until a theoretical dispersion curve matched

the experimental curve obtained in the field.

in calculating the theoretical dispersion curve, the actual site is modeled as a layered
half-space with uniform elastic layers of infinite horizontal extent. The shear wave
velocities, thickness, Poisson’s ratio and mass density of the layers in the profile are
assigned initial values. Nazarian (1984) has numerically shown that the effects of

Poisson’s ratio (v) and mass density (p) in most practical cases are less than 5%.

In this study the forward modeling is adopted. For assumed layering, a theoretical
dispersion curve is determined using the stiffness matrix approach suggested by Kausel
and Roesset (1981). The theoretical dispersion curve is then compared to the
experimental dispersion curve obtained in the field. The assumed shear wave velocities
and thickness of the layers in the model are adjusted until satisfactory agreement between
theoretical and experimental dispersion curves is obtained. At that point the shear wave

profile is accepted as a solution.

To invert the field dispersion curve of the case study, the dispersion curve was divided
ito two sections as shown i Fig. 4.14. From wavelength of about 2.0 m the
propagation velocity is constant and it does not vary with the wavelength. This means
that the Iayered soil system is located over half-space, since in the case of a uniform half-
space the zero determmant matrices [Eq. 4.12] lead to a frequency (or wavelength)
independent solution for the characteristic equation. Thus the dispersion curve becomes
a horizontal line. The initial profile is selected using the simplified mversion method as
used in the steady-state surface wave method discussed in Chapter Three, Section 3.4.
The shear wave velocities and thickness of each layer are estimated assuming that shear
wave velocity is approximately 110 percent of the phase velocity, and using equivalent
depth equal to one-kalf of Rayleigh wavelength.
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An alternative way for the first estimation of the shear wave velocities and the thickness
of layers is to use the relative phase angle of cross spectra as a guide. The sharp change
in gradient of phase angle is a sign that waves have started to propagate in another layer.
For example at relative phase angle of cross spectrum of the 0.125 m spacing (Fig. 4.11),
at the frequency equal to 4864 Hz. significant change occurs in the gradient of the
relative phase spectrum. This sharp change is taken as a sign that layer stiffness has
changed. The wrapped phase angle in this frequency equals to 139" and the
corresponding unwrapped phase angle and wavelength are equal to 221° and 0.20 m,
respectively. Therefore, the first guesses of thickness of layer and shear wave velocity

are equal to 0.20 m and 1100 m/s, respectively.

The properties of layered soil for the first iteration are shown in Table 4.1. The
corresponding theoretical dispersion curve was produced by running the program
developed during this study (see Fig. 4.15). Then soil properties were changed until the
computed and the experimental dispersion curves match as in Fig, 4.16. Soil properties
in last stage are shown in Table 4.2. From Fig. 4.16 it is obvious that none of the
theoretical dispersion curves match with the field dispersion curve at short
wavelengths (1-2 m). This is due to transition of domirant influence from the first
towards higher modes as frequency increases (See Fig. 4.17 which is produced from
same data as Fig. 4.16 but instead of wavelength, the frequency versus phase velocity is
used). The important fact is that at high frequency the theoretical dispersion curves
approach the shear wave velocity of the second layer. This is in contrast to the
expectation that phase velocity of the modes at high frequencies should approach the
Rayleigh wave velocity of the surface Iéyer.

4.6 Conclusion

Currently there are no standard methods available for filtering the wavelength. Filtering
criterion suggested by Sanchez-Salinero et al. (1987), is contrary to the suggestion of
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Heisey et al. (1982). The construction of field dispersion curve and the inversion process
by iteration is tedious and time-consuming, and therefore, it needs to be automated. Also
to overcome difficulties associated with multi-mode SASW signals, an attempt should be
made to simulate dispersion curves as suggested by Gucunski and Woods, (1991) and
Tokimatsu et al. (1992). In this method, the field dispersion curve is compared to

stmulated dispersion curves.



Table 4.1-Soil properties for first iteration.

9

Shear Wave Velocity | Thickaess | Damping Poisson’s Unit Weight
(m/s) (m) ratio Tatio (kKN/m")
Layer 1 1600 012 | 0.0 0.35 22
Layer 2 900 0.13 0.0 0.35 8
Layer 3 600 0.10 0.0 0.35 17
Layer 4 460 0.15 0.0 0.35 17
Layer 5 390 0.30 0.0 0.35 17
Layer 6 250 0.20 0.0 0.35 17
Half-space 200 — 0.0 0.35 17
Table 4.2-Soil properties for final iteration.
Shear Wave Velocity | Thickness | Damping Poisson’s Unit Weight
(m/s) (m) ratio ratio (kN/m’)
Layer 1 1400 0.20 0.0 0.35 22
Layer 2 500 0.25 0.0 0.35 18
Layer 3 400 0.25 0.0 0.35 17
Layer 4 310 0.30 0.0 0.35 17
Half-space 160 —_— 0.0 0.35 17
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Fig. 4.3-IMustration of the Bisection method procedure and some situations encountered
while root finding: (a) shows an isolated root p bracket by two points a and b at which
the function has opposite signs; (b) illustrates that there is not necessarily a sign change
m the function near 2 double root (in fact, there is not necessarily a root!); (c) is a
pathological function with many roots; and (d) the function has opposite signs at points a
and b, but the points bracket a singularity, not a root (Press et al. 1992).
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Fig. 4.4-Hlustration of Newton’s method in which the local derivative is extrapolates to
find the next estimate of the root (Press et al. 1992).
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 Fig. 4.5-Tlustration of Muller’s method (Burden and Faires 1985).
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CHAPTER 5

NUMERICAL SIMULATION OF THE SASW TEST

5.1 Introduction

Surface wave tests are simmilated by applying a harmonic Joad on the surface of the soil
layer or pavement. Simmlation of SASW tests involves the solution of an axisymmetric
wave propagation problem in which the source is represented by a disk load on the
surface of 2 layered soil system (Fig. 5.1).

As stated in Chapter 4, Section 4.2.2, the mathematical formmlation of wave propagation
in a layered system as used in this study is based on the stiffness matrix approach. In this
approach, the extemnal forces that are applied at the layer boundaries are related to the
their displacement through a stiffness matrix. The stiffness matrix is fimction of both
frequency and wave number. For a soil system consisting of several layers, the stiffness
matrices of individual layers are assembled, in a fashion similar to that in structural
analysis, to form the global stiffness matrix [K]. The global stiffness matrix relates
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displacements {u} to external forces {P} in the frequency-wave number domain as

follows:
{Kl{u} ={P} [5.1]

5.2 Transformation of Loading into
Frequency-Wave number Domain

To find the solution for arbitrary loads using Eq. 5.1, the loads need to be transformed
from the spatial coordinate domain to the frequency-wave number domain. In
axisymmetric loading, a common procedure is to expand the loading function in terms of
Fourier series in the circumferential direction 6 (=0, 1, ...) and in terms of Bessel
functions in the radial direction r. This transformation can be written as:

akmy=a, ] rC,(kr) | Din6)P(r, 6)d6 [52]
Where
1
— for n=0
a, = 21" [5.3]
— for n=0
o

P(r,8) equals loading vector in the spatial domain with components in the radial,
tangential and vertical direction, and q(kn) equals loading vector in the frequency-wave
number domain. In the symmetric case:

costn6)

D(n6)= |-sm(né) [5.41
|eos(n)]

And for an antisymmetric case
[sin(»6)]

D(n)= Jcostn8) [5.5]
lsin(n8)
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and

18J,00) n
k é&r Ia'J"(kr) 0
1 éJ (kr
Cln=| e 3222 [5.6)
0 0 -J.(k)

Where J.(kr) is the Bessel function of the first kind of order n. In the axisymmetric case,
coordinate 8 and the corresponding displacement v can be climinated. Considering a
uniform vertical circular loading with intensity of p, and radius R, the corresponding
loading in wave number domain for which only the zeroth symmetric Fourier term (n=0)
need to be considered, can be written as

1 R’ 2x
9 (k)=-— l rJ.(b)iadair [5.7

=P, [ () [5.8)

reo

The following two ideatities of the Bessel fimctions are used:

[x" ), = =) [5.9]
which in integral form is equal to
[ 2,1 (x)de = x"J (x) +constant [5.10)
and
7)), =" () [5.11)

Using Eq. 5.11, Eq. 5.8 is formmlated as

P
2.0=-225R) 1)
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5.3 Determination of Vertical Fiexibility Coefficient

For the axisymmetric case, only u and w displacement components exist. The
displacements u(k) and w(k) in the frequency-wave number domain can be obtained by
solving Eq. 5.1 for the loading vector q(k). The loading vector g has only one nonzero
componeant, the vertical component at the surface g, given by Eq. 5.12.

The displacement amplitudes at the surface can be expressed in terms of flexibility

cocfficients as ,
wk)) _[F.,
{w(k)} - {F,, }q" *) [5.13]

Where F.. and F,.. are elements of [k]” that are condensed at the surface.

5.4 Computer Program for Vertical Flexibility Coefficient

A program was developed for finding vertical fiexability coefficients F.. This program
was written in Fortran language. First the stiffaess matrix of the each layer is constructed
(see section 4.2.2). Then for 2 soil system consisting of several layers, the global stiffness
matrix is constructed by overlapping the contribution of the layer matrices at each node
(interface) of the system. The program calculates the flexdbility coefficient in the waQe-
number domain by inverting the stiffness matrix.

The program was verified for several cases. The first verification of the program was
done by finding the vertical-flexibifity coefficient for a layer of thickness d over half-
space (see Fig. 5.2). The shear wave velocity of the half space is twice that of the layer.
Poisson's ratio equals 0.33 for both layer and half-space. The dimensionless frequency
(od/Vs, Vs: shear wave velocity of a layer, and o: circular frequency) of 7 and damping
ratio of £=0.001 are selected. The vertical flexibility coefficient in the k-domain is
plotted as a fimction of the dimensionless wave number kd in Fig. 5.3. The real and
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imaginary parts at four distinct numbers, exhibit sharp peaks, where the real part changes
sign. The same site was reported by Wolf and Darbre, 1983 (see Fig. 5.4).

The second case is two layers over half-space as shown in Fig. 5.5. The shear-wave
velocity of the first layer is 800 m/s, the second layer 600 my/s, and the shear wave
velocity of the half space is 1000 m/s. Poisson s ratio equals 0.35. Frequency of 40 Hz
and damping ratio of £=0.0005 were selected. The vertical-flexibility coefficient in the
k-domain is plotted as a function of the wave number k (see Fig. 5.6). Agamn, the real
and imaginary parts at several distinct numbers, exhibit sharp peaks, whereby the real
part changes sign. The vertical flexibility for the same site that was reported by Gucunski
and Woods, 1992 is shown in Fig. 5.7.

The peaks of vertical flexibility coefficient correspond to different modes of surface wave
propagation. The peak with the largest amplitude corresponds to the predominant mode
of propagation. The importance of these coefficients in the SASW analysis will be
explained in Chapter 6.

5.5 Determination of Displacements In Spatial Domain

To obtain the displacements in the spatial domain, inverse Hankel transform is applied to
displacements in the wave number domain. The relation for this operation is

U,(.0)= iD.(ne) TkC,(fa')U.(k,n)ﬂt [5.14]

Where U, is the displacement vector in the spatial domain and U,, the displacement
vector in the wave number domain. In axisymmetric, case only u and w displacements
exist and therefore, the second row and column of matrices D and C, can be eliminated.
Surface displacements in spatial domain (u,, w;) can be found in term of displacements in
the wave number domain by the following relation:
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OJu(kr)

) _ 7 o |
* = é dk 5.15
{w.,(r)} s W {wo(k)} 13

Only the vertical surface displacement is of interest in SASW tests. It can be obtained by
making usc of the identity of Eq. 5.9 and substituting Eq. 5.12 leading to

w_(r)=— [ 1 (I, (k) [5.16]

Combining Eq. 5.12 and 5.17
W (F)==p,R [ J(kR), (kryw, )k [5.17)

Knowing the surface vertical displacement, the wave length of the simulated dispersion
cufve can be evaluated by two ways. The first method evaluates an average wavelength
from the displacement curve at each particular frequency (see Fig. 5.8). This procedure
should be repeated for 2 set of frequencies. The second method evaluates the transfer
fimction H(f) between two prescribed points represeating receiver locations at each
frequency. The transfer finction as described in Section 2.9.8, is the ratio of the
spectrum of the far receiver to the spectrum of the near receiver. Then the phase
difference between these two prescribed points is easily evaluated. Knowing the phase
difference, the phase velocity, and the wavelength can be calculated using Equation 3.4
through 3.6,

5.5.1 Computer Simulation of the SASW Test

To perform the simulation of SASW test, a computer program was developed. The
program calculates the exact flexibility coefficient in the wave number domain by
inverting the stiffness ‘matrix. Then using numerical integration, Equation [5.17] is
cvatusted. The only approximation introduced in this procedure is the use of the
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trapezoidal integration method. Errors due to this approximation are minimized by
reducing the interval of integration. The program has the capability of considering
layered system in three different ways:

1-layered system over half-space;

2-layered system over fixed base;

3-layered system over free base;

5.5.2 Verification of the Simulation Program

The program was tested using several cases. The first verification of the program was
done by finding the vertical flexibility-influence fumction w(s) for the two sites for which
the vertical-flexibility coefficient was calculated in the previous section. The
vertical-flexibility-influence function w(s) for one layer over half-space system having a
disk load with radius R, = 0.0705*d was calculated. Fig. 5.9 shows w(r) as a function of
rli The vertical-flexibility influence function for the same site reported by Wolf and
Darbre (1983) is shown in Fig. 5.10.

Fig. 5.11 shows the vertical flexibility-influence fimction w(s) for a disk load with radius
R.=1 m, w(r) for site 2 as a function of r. The same site was reported by Gucunski and
Woods (1992) for which the vertical-flexibility coefficient and vertical flexibility-
mfluence finmction are shown in Fig. 5.12.

The second case is the numerical simulation of a pavement site for.which experimental
results were reported by Jones (1962). The site consists of an asphalt layer, nominally 10
cm thick, overlying 2 sand sub-base, nominally 40 cm thick The subgrade is a 7.50 m
thick clay. Other material properties used in the computer simulation are given in Table
5.1. The amalysis is performed for frequencies in the range from 2 to 500 Hz The
excitation frequencies are increased by increments of 2 Hz. Phase angle spectra are
generated for several receivers spacings usually used in SASW tests, Simulated relative
phase angle spectra for 0.5, 1.0, and 2.0 m receiver spacings are shown in Fig. 5.13. The
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simulation of same site using the discrete layer stiffness matrix method was reported by
Al-Hunaidi (1993). In this approach the pavement, sublayer, and the supporting soil are
considered to be horizontally unbounded in all direction. The layered pavement system
under the action of a harmonic surface load is discretized as shown in Fig. 5.14. Then
this system is n;odeled by frequency-dependent dynamic stiffness matrix of nodal points
in Fig. 5.14. The matrix is obtained by means of the discrete layer stiffness matrix
approach developed for site resting on a rigid base by Waas (1972) and Lysmer and
Waas (1972) and Lysmer and Drake (1972) and Watkins et al. (1974). The layered
system is discretized into thin layers having small thickness in comparison to the wave
lengths of interest. By using standard finite elemeﬁt procedures, the stiffness and mass
matrices for each layer are then derived and assembled to form global nﬁatrices of the
complete layered system. The transcendental coefficients of layer stiffness matrices are
expanded using Taylor’s series in terms of the wave number k keeping only terms up to
second degree which is an acceptable estimation when ktd is small.
ked

sin kad = ked — [5.18]

cosktd =1- krd

[5.19]

Therefore, this substitution leads to non-transcendental quadratic eigenvalue problem.
The wave numbers and mode shapes of all waves that can propagate in the layered
medium for a particular frequency are determined by solving an algebraic eigenvalue
problem resulting from imposing the condition of no external forces in the discretized
equations of motion and assuming 2 rigid basé. The wave number corrgsponding to the
waves that propagate in the desired direction are then selected. By expanding
displacementé in the layered system using the modal shapes correspondng to the
selected wave numbers, the dynamic stiffness matrix relating nodal forces and
displacement in Fig. 5.14 can then be derived by satisfying the equilibrium conditions.
The motion at any point in the layered medium is then easily calculated using modal
shapes and participation factors. A complete description of the discrete layer stiffness
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matrix approach and its numerical implementation details can be found in the original
work by Waas (1972).

The simulated relative phase angle spectra for same spacings from this approach are
shown in Fig. 5.13,

The third verification of the program was done by finding simulated dispersion curve for
the actual layered soil system reported by Nazarian and Desai (1993). The material
properties used in the computer simulation are given in Table 5.2 and Fig. 5.15. The
frequency range used in the analysis was from 0.1 to 520 Hz. The excitation frequencies
from 0.1 to 50 Hz and from 51 to 520 were increased by increments of 0.1 and 1 Hz,
respectively. Phase angle spectra are generated for 1, 2, 4, 8, 16, 32, 64 m receivers
spacings. Simulated relative phase angle spectra for these receiver spacings are given in
Fig. 5.16. The simmlated dispersion curves for the site obtained with applying the
different filtering criteria described in Section 3.3 are shown in Fig. 5.17. As explained
in section 4.4.1.2, the available filtering criteria produce different dispersion curves. The
dispersion curve for the site obtained with the filtering method proposed in this study is
shown in Fig. 5.18. Fig. 5.19 shows the experimental dispersion curve reported by
Nazarian and Desai (1993). This dispersion curve is obtamed by the following
procedures: ‘
1) using a weighted least-squares best fit solution, estimate the phase at each frequency
with a weighted fimction chosen based on coherence;
2) by knowing the phase at each frequency and distance between receivers, the
corresponding phase velocity and wavelength are calculated;
3) the least-absolute value best-fit criterion is used to combine these raw data and
construct the dispersion curve. :

By comparing Fig. 5.18 and Fig. 5.19 one can conclude that the simple proposed filtering
criteria yields a dispersion curve similar to the one obtained by Nazarian and Desai
(1993) using cumbersome analysis procedures.
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5.6 Summary and Conclusion

To evaluate the test and data analysis procedures of the SASW method, a computer
program for simulation of actual tests was presented. The developed computer program
for simulation is tested using several cases. Inversion procedure based on simulated
dispersion curve mvolves substantial computation time. As the number of layers and
frequency increases, computer storage and run-time requirement increase significantly. In
addition it is demonstrated that usual source-to-receiver distance taken to be equal to the
spacing between receivers and application of existing filtering criteria are insufficient to
ensure the condition that the measured wave field is due to one predﬁminant mode vnly

for the considered site. The proposed filtering criteria overcomes this difficulty.



Table 5.1-Material properties of simulated pavement site.

11o

Thickness | Shear wave | Unit Weight | Poisson's Dampmg
(m) velocity (kN/m®) ratio ratio
Layer (m/s)
Asphalt 0.1 1570 22 0.333 0.02
Subbase 04 127 18.3 0314 0.04
Subgrade 7.5 122 20 0.474 0.08
Table 5.2-Material properties of sinulated Iayered soil site.
Thickness | Shearwave | Unit Weight | Poison's | Damping
(m) velocity N/m®) ratio ratio
Layer (m/s)
Sandy Sik 3 110 20 0.45 0.05
Silty Clay 5 135 20 0.45 0.05
Sandy Silt 11 175 20 0.45 0.05
Sand Inf 320 20 0.45 0.05
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Fig. 5.1-An axisymmetric model of a soil system with circular loading.
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Fig. 5.2-Soil system.
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CHAPTER 6

A NEW METHCD FOR
CALCULATING THEORETICAL DISPERSION CURVES

6.1 Introduction

As explained in Section 3.4, the inversion procedures currently used for the SASW tests
is based on forward modeling of the soil site. Jn these procedures, the field dispersion
curve is compared with the theoretical dispersion curve obtained for the first mode of
surface wave propagation. However, Rayleigh waves have different modes of
propagation, thus different velocities at any frequency. The participation of each mode
varies depending on soil stratification as well as frequency. Difficulties associated with
these procedures were reported by Roesset et al. (1991), Sanchez-Salinero et al. (1987),
and Gucunski and Woods (1991). They have shown that the use of the plane Rayleigh
wave solution with the dispersion curve corresponding to the first mode of propagation
is only suitable for soil deposits with gradual variation of properties. However, these
procedures cannot reflect sudden jumps and discontinuities in the slope of the curve
caused by wave reflection or refraction. Stmmlation of SASW tests is one remedy for this
problem (Gucunski and Woods 1992; Roesset et al. 1991; and Tokimatsu et al. 1992).
Using the multiple filter/crosscorrelation method is an alternative way (Al-Humaidi,
1994). Difficulties associated with applying both of these solution methods have been
previously discussed. '
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In the absence of a reliable and simple method to separate the dispersion curves of the
various modes in SASW signals, the following inversion method is introduced. This
method has an advantage over existing methods in back calculating the correct profile of
a site in comparison to the usual methods, since it has the ability to calculate the
predominant mode at each frequency. The existing methods perform mversion by
matching experimental dispersion points to theoretical dispersion points of the
fundamental propagation mode. The proposed method, however, matches the
experimental points to theoretical dispersion points corresponding to the predominant
mode for the frequency being considerad.

If the first mode happens to be the prédonﬁnant mode at the site, the proposed method
as well as existing methods will backcalculate the true profile. Otherwise, only the

proposed method will be able to provide the true profile. The proposed method is
presented next.

The determination of the vertical flexibility coefficients was described in Section 5.3. In
order to show their use in the proposed inversion method, vertical flexibility coefficients
are calculated here for two soil systems. The first soil system represeats a regular soil
profile where the shear wave velocity increases with depth (Fig. 6.1). The second soil
system represents an irregular soil profile in which a soft layer is trapped between a
harder layer and harder half-space (Fig. 6.2). The soil properties for both soil systems are
presented in Table 1 and 2, respectively. The vertical flexibility coefficients calculazed for
soil system 1 in the frequency range of 1C to 60 Hz in increments of 10 Hz are shown in
Fig. 6.3. The figures indicate that at distinct wave numbers, the real and imaginary parts
of the vertical flexdbility coefficients exhibit sharp peak, whereby the real part changes
sign. Wave numbers where these peaks occur correspond to modes of surface waves in
the Jayered system Using the vertical flexibility coefficient, one can then calculate the
theoretical dispersion curve as explained in next section.



129
6.2 Calculation of Phase Velocity

The wave number is defined by the following relation:

k =% [6.1]

where

k = wave number;

o = circular frequency, and
C = phase velocity

Generally, the wave number and phase velocity are complex numbers. For surface wave
modes, the real part of the wave number is large compared to the imaginary part (Lysmer
and Drake, 1972). By ignoring the imaginary part of the wave number no major eITor
occurs in calculation of phase data. Therefore, from now on only real part of wave

number is considered in computation.

To find the wave numbers of propagation modes at a given frequency, the vertical
flexibility coefficient is calculated for a wide range of the wave number. Wave numbers
corresponding to the maxima of the flexibility coefficient are then identified. By
substituting these wave numbers in Eq. 6.1, phase velocity of each propagation mode is
calculated. For example at frequency of 10 Hz, the maximum flexibility coefficient
occurred at wave number equal to 0.215. Therefore, the calculated phase velocity is
equal to 292.24 ny/s. This procedure is repeated for all frequencies of interest and the
dispersion curve calculated by this procedure is presented in Fig. 6.4.

It is known that the Rayleigh wave modes represent natural modes of wave propagation.
The latter are obtained from the eigenvale problem that follows from setting the load
vector in Eq. 5.1 equal to zero, ie. '

[x}{ul=0 [6.2]
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where for a fixed angular frequency «, the eigenvalues represent velocities of the
Rayleigh wave while U represents its shape as a function of depth. For a nontrivial
solution the determinant of matrix [K] must be zero

|K|=0 [6.3]
The solution of Eq. 6.3 was discussed in Section 4.3.

In this study, for solving Eq. 6.3 a computer program was developed in which the
frequency is assumed as the independent variable. The sbove equation was solved for
system 1 at a frequency of 10 Hz, which results in phasc velocity equals to 292.95 m/s.
Equation 6.3 was solved for other frequencies and the calculated dispersion curve is
shown in Fig. 6.4. By comparing the dispersion curves it can be observed the dispersion
curve obtamed with the maximum fiexibility coefficient method follows very well the
dispersion curve of the first Rayleigh mode. The first mode remains the dominant mode
of propagation through the entire frequency range. Fig. 6.5 shows the vertical maximum
fexibility coefficients for system 2 at different frequencies. The dispersion curves for
system 2 derived by both flexibility coefficient and root-searching methods are shown in
Fig. 6.6. These curves show that the dominant mode shifts to higher modes as the
frequency increases.

6.3 Comparison of Dispersion Curves from Different Procedures

The SASW test is simulated for the two soil systems as described in Section 5.5.
- Frequencies used for the analysis are in the range of 0.1 to 700 Hz The increments of
excitation frequencies from 0.1 to 30 Hz and from 31 to 700 Hz were 0.1 and 1 Hz,
receptively. The relative phase angle spectra are generated for receiver spacing of 1, 2, 4,
8, 16, 32, 64, 128 m that are shown in Fig. 6.7 and Fig. 6.8. To process the SASW phase
data, the unwrapped phase angles are calculated for each spacing. Then phase velocity
and the wavelength are calculated using Eq. 3.2 through 3.6. The simulated dispersion
curves after applying different filtering criteria are shown in Fig. 6.9 and 6.10. Fig. 6.11
and 6.12 show the dispersion curves from simmlated SASW test with the proposed
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filtering criteria and dispersion curves obtained by using maximum vertical flexibility
coefficient approach. These figures indicate that the simulated dispersion curves for both
systems agree with the those obtained from maximum vertical flexibility coefficients.
Therefore, instead of using SASW simulation, which involves substantial computation
time, the maximum vertical flexibility coefficient approach can be used to obtain the

theoretical dispersion curves.

6.4 Comparison of Results from the New Method
with the Results of Tokimatsu et al. (1992)

To demonstrate the effectiveness of the proposed method for calculating the theoretical
dispersion curve, those for 3 four-layer models listed in Table 6.3 are computed and
compared with the results obtained for the sites by Tokimatsu et al, 1993. In Case 1, the
stiffness of soil layers increases with depth. While in Case 2 and 3, the stiffness varies
irregularly with depth. Fig. 6.13 shows the dispersion curves for case 1, where the
fundamental mode is consistently the dominant mode except at the frequency of 5 Hz. In
contrast, for Case 2 (Fig. 6.15), gher modes play a significant role in some range of
frequency in addition to the fundamental mode. It can be seen from Fig. 6.15 that modes
of higher order become the dominant modes. Fig. 6.17 shows the dispersion curves for
Case 3. In this case again, the findamental mode is the dominant mode through out the
whole frequency range except at frequency range of 10-13 Hz.

The dispersion curves for the above sites as reported by Tokimatsu et al. (1992) were
derived by simulation of the SASW test. The theoretical formulae used in the simulation
process were based on the transfer matrix method proposed by Thomson (1950). In this
method phase lag of vertical and horizontal particle motions between the sensors at each
frequency are calculated. Then the apparent phase velocity for vertical and horizontal
motion are determined though Equation 3.2 to 3.6.
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The reported dispersion curves for the three four-layer systems are show in Figs. 6.14,

6.16, 6.18. By comparing the results, there is good agreement between the two methods
in the three cases.

To check that the new method produces the correct dispersion curve, the simulation of
the SASW test was carried out for case 3. The phase angle data for the site at different
spacing are shown in Fig. 6.19. After processing the phase data, the simulated dispersion
curve was obtained for different filiering criteria (see Fig. 6.20). The comparison of
dispersion curves, obtained from the simulation of SASW test, and the dispersion curve
derived from root-searching are presented in Fig. 6.20d. Fig. 6.20d shows that the
simulated dispersion curve follows the dispersion curve obtained for first mode through
the entire frequency range except at frequency range between 10 to 13 Hz. In these
frequencies the Rayleigh wave shifts to higher mode. This further confirms that only the
dispersion curve derived by the proposed filtering criteria can produce an acceptable

dispersion curve, since it lies close to the results from the steady state test.
6.5 Simulation of the Steady-State Rayleigh Wave Test

An alternative way to check the results of the new method is to compare the results with
simulation of a Steady-State Rayleigh wave test. The numerical simulation of the Steady-
State Rayleigh wave test can be performed by calculating of the vertical displacement as
a function of distance for each frequency. In-phase positions of surface motion are then
found‘by the same procedure as in the case of original Steady-State Rayleigh wave test.
The wavelength and phase velocity are calculated based on the average of two to three

cycles of surface wave motion.

The surface motions for sites two and three are calculated by the developed simulation
program. Figs. 6.21, 6.22 show the surface motion. These curves indicate that there are
significant variations of the amplitude of motion with distance from source. In the
frequency range below cut-off frequencies of higher Rayleigh modes, the variation
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results from a contamination of Rayleigh waves with direct and reflected body waves.
The in-phase positions of surface motion for the two soil systems are calculated at each
frequency and are shown in Figs. 6.23, 24. The dispersion curves derived by simulation
of the Steady-State Rayleigh wave test and new method for both sites are given in Figs.
6.25, 26. By comparing the results it is found that there is good agreement between the
simulated dispersion curves from the Steady-State and the new method.

6.5 Parametric Study

6.6.1 Effect of Poisson’s Ratio on Dispersion Curves

For most soils, Poisson’s ratio is always positive but less than 0.5. To investigate the
effect of Poisson’s ratio on the predominant mode of dispersion curve, a parametric
study was conducted using two soil systems with different value of Poisson’s ratio.
These systems are analyzed and the dispersion curves were derived based on the new
method. Figs. 6.27, 6.28 show dispersion curves of the dominant mode of propagation.
It appears from Fig. 6.27 that the variation of Poisson’s ratio as reported by Ewing et al
(1957) doesn’t change the phase velocity value by more than ten percent. However, the
variation of Poisson’s ratio changes the phase velocity by a little more than ten perceat
especially when transition of mode occurred (see Fig. 6.28).

6.6.2 Effect of Damping on Dispersion Curves

As discussed in Chapter 4, material damping does not affect Rayleigh wave dispersion
curve obtained by root searching technique. The damping only canses attenuation of
waves, while apparent velocity is almost equivalent to the phase velocity of undamped
system.

In practice, the damping ratio at the low-strain level may be chosen in the range of 1% to
5% based on the soil classification and viscosity level (Richart and Woods, 1970). To
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mvestigate effect of damping ratio on the dispersion curves calculated by the new
method, the developed program was run for two soil systems, Fig. 6.29 shows the
dispersion curves for different damping ratios. For zero damping ratio the peaks in the
vertical flexibility coefficient that correspond to different mode of propagation become
infinite, For the selected small value of damping ratio, these peaks remain finite, These
dispersion curves indicate different damping ratios do not change dispersion curves

significantly.

6.7 Summary and Conclusions

The Rayleigh wave has different modes of propagation, and thus may have different
velocities at any frequency. The participation of each mode varies depending on the
soil’s stratification as well as the frequency. Generally, inversion procedures require the
calculation of the theoretical dispersion curve. Available procedures assume that the first
mode of the Rayleigh wave is the predominant one and the dispersion curve of the first
mode is then compared with the field dispersion curve, For irregular stratification, ie.,
when the shear wave velocity does not mcrease with depth, higher Rayleigh modes
provide a significant, and in many cases, a dominant influence oa the overall wave
propagation along the surface of 2 system. The inversion of the dispersion curve for such
sites should not be guided solely by the theoretical first Rayleigh mode. A new method
for calculating theoretical dispersion curves was introduced. At each frequency the
method makes use of the vertical flexibility coefficients and finds the maximum one.
Then usmg definition of the wave number, the comesponding phase wvelocity is
calculated.

However, the new method for calculating of dispersion curves yields the same results as
simulated SASW test, or siomlated Steady-State Rayleigh wave test. It should be noted
that although the proposed maximum flexibility coefficient for calculating of dispersion
curves is superior to root-searching method, it suffers from two limitations. First, it fails
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to find the predominant mode in a situation where several modes have the same
amplitude, In such a case, the new method can only find one of them. Second, when the
increment used for the wave number is too coarse, the proposed method can miss some
modes of propagation. This difficulty, however, can be overcome by using a small wave
number mcrement (having of course to bear the additional expense of increased
computational time).



Table 6.1 Soil properties for system one.,
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Shear Wave Thickness [ Damping | Poisson’s Unit
Velocity (m) ratio ratio Weight
(m/s) (kN/m*)
Layer 1 300 20 0.005 0.35 20
Layer 2 500 20 0.005 0.35 20
Layer 3 700 — 0.005 0.35 20
Table 6.2 Soil properties for system two,
Shear Wave Thickness Damphg Poisson’s Unit
Velocity {m) ratio ratio Weight
(w/s) (KN/m’)
Layer 1 500 20 0.005 0.35 20
Layer2 300 20 0.005 0.35 20
Layer 3 700 0.005 0.35 20
Table 6.3 Soil properties for Four-layer system.
Shear Wave Velocity
Layer (m/s) Thickness | Damping | Poisson’s | Unit Weight
number Case (m) ratio Tatio (KN/m*)
H @ 6
1 80 180 80 0.005 0.35 18
2 120 120 | 180 4 0.005 0.35 18
3 180 180 | 120 0.005 0.35 18
3 360 |360 |360 — 0.005 0.35 18




20m Va=300 m/s

20m V2=500 m/s

V=700 m/s

Fig. 6.1-Soil system one.

20m V=500 m/s
20m V=300 m/s
V.3=700 m/s

Fig. 6.2-Soil system two.
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CHAPTER 7

AUTOMATION OF INVERSION PROCEDURE

7.1 Matching of Dispersion Curves

The process of matching theoretical and field dispersion curves by iteration is time
consuming. To overcome this difficulty, the inversion process is based on matching
techniques employing optimization theory. For an initial layered soil system (model),
parameters such as thickness (h), shear wave velocity (V,), mass deasity (p), Poisson’s
ratio (v), etc. are assumed. Then a set of theoretical dispersion points is calculated for 7
assumed profile. The soil parameters are changed until the theoretical points match with
experimental points. Given n phase velocity (v™™) versus frequency experimental
dispersion points, a corresponding number of theoretical phase velocity (v™°) versus
frequency dispersion points are calculated. The optimization process minimizes the
differences between experimental and theoretical dispersion points. Usually the sum of
P =) + (03> =V )Pt o + (v ~v™)? | which is called the sum of the squared
residuals, is chosen as the function to be minimized, i.e. merit function.

The matching process therefore involves finding:
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2 (v —v™)? =minimum [7.1]
For an N layered soil system, the number of unknown parameters is equal to 4N-1.
Simce the effects of changing the mass density and Poisson’s ratio are negligibly small,
the total number of layer properties to be determined in the inversion analysis can be
reduced to 2N-1. For a soil deposit in which thickness of each layer is known in advance,
the total number of properties may be further reduced to N.

Various optimization methods that can be used to solve Equation [7.1] are preseated in
this chapter,

7.2 Down-Hill Simplex Method

The simplex method was first proposed by Nelder and Mead, in 1965. The method
requires only fimction evaluations, not derivatives. A simplex is a geometric figure that
has one vertex more than the dimension of space in which it is defined. A triangule and 2
tetrahedron are examples of a simplex in a two and three-dimensional space,

Tespectively.

To minimize a function of n variables, a set of initial values Py, P, P»,..P, are assumed to
be the n+1 points in n-dimensional space defining the current “‘simplex”. The fimction
value at P, is represented byy;. Also, P, and P, are defined as points with the highest and

lowest fumction values, respectively. Also, P is defined as the centroid of all points
except Py, and [P; P;] is defined as the distance from P; to P,. At each stage of the
minmization process, the objective is to find the point with the highest fimction value
and to replace it with a new point which has a smaller function value. To achieve this
goal, three mam operations called reflection, contraction, and expansion are applied (see
Fig. 7.1).
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The reflection of P, is denoted by P°, whose coordinates are obtained from the
coordinates of Py, by the following relation:

P =(+a)P-aP, [7.2]
where a is a positive constant called the reflection coefBcient and typically assumed to
be 1. Thus P° is located on the kine joining P, and P . on the far side of P from P,
with [P* PJ= af P, P]. For o assumed equal to 1, then

[P* P} of P, P)=[P, P} [7.3]
If y° lies between y, and y, then the reflection operation produces a new minimum (i.e. a

better point). In this case, P, is replaced by P°, and the whole process is re-started with
the new simaplex.

If y <y, ie. reflection produces a new minimum, then 2 new point P is calculated by
an expansion operation defined by the relation:
P =yP +(1-p)P [7.4]

where y is the expansion coefficient, that is greater than unity, and is defined by the

[P~ P

y="m— [7.5]

[P" P)
If y~ <y, Py is replaced by P” and the process is restarted. However, if 3™ >y, P, is
replaced by P" before re-starting. In the case where y° > y; for all values of y;, where
i#h, replacing P by P" leaves y° as the maximmum. Then, a new P, is defined as either
the old P, or P°, whichever has the lower y value. Therefore, in this case, the next step is
to contract the new P, by the following relation:

P" =8 B+(1-HP [7.6]
where [ is a contraction coefficient that lies between 0 and 1 and is defined by
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[P” P
[P P)

B = [7.7]

Py is then replaced by P~ and the process is re-started, unless 3™ > min (yn, ¥) (i.e.
the contracted point is worse than the better of P, and P°). If 3™ > min (y,, y°), all the
P;’s are replaced by the followmg points.

P= (F+F)
2
and then the process is re-started.

[7.8]

A flow chart of the down-hill simplex method as described above is shown Fg. 7.2.
Further details are given by Nelder and Mead (1965).

7.2.1 Program SASW-INVERT

SASW-INVERT is a program developed during this study for calculating a theoretical
dispersion curve that matches a given in-situ curve. The program is written in Fortran
language.

The following input is required by the progam SASW-INVERT:

1. Initial soil profile including shear wave velocity, thickness, Poisson’s ratio, mass
density, and damping ratio of each layer,

2. The number of measured dispersion points,

3. The maximum number of iterations, and

4. The range of wave numbers.

The initial guess of shear wave velocity and thickness may be made by using the simple
empirical inversion procedure (Richart et al. 1970):
V, =107, [7.9
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H=054, [7.10]
where V, is shear wave velocity. Vi is phase velocity, H is thickness (equivalent

sampling depth), and A, is wavelength,

For each frequency, SASW-INVERT calculates the vertical flexibility coefficients for the
specified range of the wave number. Then, it finds the wave number corresponding to the

maximum vertical flexibility coefficient. Knowing the wave number, phase velocity is

calculated by
@
V= n [7.11]

where o is the circular frequency, and k is the wave number.

This procedure is repeated for all frequencies. The sum of squares of the difference
between experimental and theoretical points is then calculated.

Using the down-hill simplex algorithm, the parameters of the model are adjusted until a
set of best-fit parameters are found for which theoretical wavelengths and phase
velocities match the experimental ones.

As stated m Section 3.4, for most soil sites, the variation in values of Poisson’s ratio and

mass density has no significant effect on the dispersion curve. Therefore, they are
generally not changed after the nitial choice is made.

The convergence of successive iterations is monitored by the following root-mean-

1 N
e= 1’? DAV? [7.12]
Ja]

where N is number of dispersion datz points, and AV, =V, —V;*.

[ [}

square error criterion:
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The iteration procedure is terminated when & reaches an acceptable small value or when

all elements of vector AV are within the other pre-specified limits.

7.2.2 Verification Of SASW-INVERT

To ensure that program SASW-INVERT was producing correct results, the following

test was carried out,

First, SASW tests were simulated for the site is shown in Fig. 7.3. The dispersion curve
for this site, after reducing the number of points, is shown in Fig. 7.4. To determine the
shear wave velocity profile, two different inversion procedures were implemented. In the
first one, the thickness of each layer was assumed as known, and only the shear wave
velocity of each layer was determined. This procedure is called shear wave velocity
inversion. In the second procedure, both the thickness and the shear wave velocity of
layers were assumed as unknown. This inversion procedure is called shear wave velocity
and thickness inversion. During the mversion process, 2 Poisson’s ratio of 0.45 and mass

deasity of 2000 Kg/m® were assumed for all layers.

Using the simple empirical mversion proéedure, given by Eq. 7.9 and 7.10, initial values
of shear wave velocity and layer thickness were assumed. The initial guesses for the
above two procedures are shown in Tables 7.1, 7.2. The final shear wave velocity
profiles and theoretical dispersion curves obtained with SASW-INVERT are shown in
Tables 7.3 and 7.4 and Figs. 7.5 and 7.6 respectively. The inversion for same site as
reported by Yuan and Nazarian (1993) is shown in Fig. 7.7. By comparing the results in
Figs. 7.6 and 7.7 and the shear wave velocity profiles in Tables 7.3 and 7.4 with exact
profile it is verified that program SASW-INVERT works well.



183

7.2.3 Difficulties with Down-Hill Simplex Method

The simplex method is simple and requires only function evaluations, not derivatives,
wiich makes suitable for optimization of discontinuous functions. However, it is not

very efficient in terms of the number of function evaluations required.

Another drawback of this method is false convergence. This problem, however, is found
in almost all minimization routines. To avoid this problem in the case of the Simplex
Down-Hill method, Press et al. (1992) suggest to re-start the minimization process at a

point where the method claims to have found a minimum.

To investigate the effect of selection of initial profile to reach a good match, the
SASW-INVERT was re-run for the initial profiles as given in Table 7.5. Fig. 7.8 shows
the theoretical and field dispersion points for this case. The final profile is shown in
Fig. 7.9. In this case the program converges to the local minimum and by comparing the
result, it was found that the initial estimated values have significant role in the inversion
algorithm.

To overcome the above shortcomings simulated anmealing was implemented in

conjunction with the simplex method.

7.3 Simulated Annealing

Simulated annealing is an attractive technique for optimization of large scale problems,

especially ones where a desired global extremum is hidden among many, poorer, local

extrema.

The simulated annealing can be described with a thermodynamics analogy, namely with
the way that liquids freeze and crystallize, or metals cool and anneal. The molecules of 2
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liquid can move freely with respect to one another at high temperature. If the liquid is
cooled slowly, thermal mobility is lost and system reaches a minimum encrgy state.

To minimize function f{x), where x is an N-dimensional vector, four elements are
required as follows: The value of the objective function £ the temperature, with an
annealing schedule by which it is gradually reduced, and a generator of random changes
in the configuration, and a procedure for taking a random step from x to x+Ax. The last

element, choosing Ax is the most problematical.

Simulated annealing was applied to minimize the difference between theoretical and
experimental phase data by using a modified version of the down-hill simplex method. In
this procedure, the single point x was replaced as a description of the system state, by a
simplex of N+1 points. The next step is applied using the same operations as described in
Section 7.2 (ie. reflections, expansions, and contraction). In addition, a positive
logarithmically distributed of random variable, proportional to the temperature T, was
added to the stored function values. These values are associated with every vertex of the
simplex and a similar variable is subtracted from the function value of every new point
which is tried as a replacement point. In the limit T—0, this algorithm reduces exactly to

the downhill simplex method and converges to a local minimum.

At a final value of T, the simplex expands to a scale that approximates the size of the
region that can be reached at this temperature, and then executes a stochastic, tumbling
Brownian motion within the region, sampling new, approximately random, point as it
does so. If the temperature is reduced sufficiently slowly, it becomes highly Iikely that
the simplex will shrink into that containing the lowest relative minimum encountered.
The success or failure of simulated annealing is quite often determined by the choice of
annealing schedule. Details of this method were described by Kirkpatrick, (1984).

By implementing simulated annealing inversion procedure and running several cases, it
was found again that the injtial estimation has significant influence on the final result.



185
7.4 Linearized Least-Squares Method

In another step, to find a more efficient procedure for matching theoretical dispersion
curves and experimental data, a modified version of the nonlinear optimizing method was

used. This approximate procedure was originally proposed by Dorman and
Ewmg, (1962).

Assume that on a soil profile with M layers, a series of SASW tests has been carried out.
Then an experimental dispersion curve containing N data point has been constructed.
The number of N data depends on the quality of field data. The dispersion curve shows
the corresponding experimental phase velocity v*at each frequency f,. To invert the
dispersion curve an initial profile P is first assumed. Mathematically, P is a vector with
elements containing shear wave velocity and thickness of each layer. Theoretical phase
velocity v;* at each frequency is calculated based upon the assumed profile. The goal is
to find the P profile for which the difference between the observed and theoretical data
points is minimum, ie.
LS= i(v,"" -v*)* = minimum [7.13}

P
In this mversion precess, Poisson’s ratio, mass density, and damping ratio are fixed.
Therefore, the theoretical phase velocity is only a function of the thickness of the layer
and shear wave velocity: .

V=F (P> P2> P3s coeereePy) [7.14]
IfV is defined as a colunm vector that has N elements, v.®- v.* | then in matrix notation
Eq. 7.13 can be written as:

V7V = minimum [7.15]

In order to satisfy Equation [7.15] a set of corrections, Ap;, denoted by the columm
vector, D, are sought.
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The change in p; due to the increment Ap; will also correspond to a small incremental .
change in v, at frequency f,. This small incremental change, Av, is evaluated numerically
by the modeling Equation [7.14]:

Avy = f(P1s P2y oy Py APy, p )V, [7.16)
The partial derivative of v at frequency f; with respect to p; can be expressed as:

&, Ay,
_t =Y A
ey [7.17]

Using the partizl derivatives evaluated at a given frequency, Equation [7.17] can be

written in the form of the following Iinear expression which relates the required

corrections dp;, to the observed residual v.®- v

%@z"‘---ﬁ@.\ =y -y [7.18]
2 [

A similar equation can be written for each observed frequency. The above equation can

&
_‘¢l +
1

be written in matrix notation:
[4}{ap}={re—p>} [7.19]
or
AD=V [7.20]

Where A is the matrix of partial derivatives with N rows and K columns whose elemeats
the

&
are 4, =—— for the assumed profile. D represents a columm vector of K elements
g}

which are the Ap,’s.

Solving Equation [7.20}, the vector D is fousd where D = (Apy, Aps, ....... Apy), and
then used to modify the vector for next iteration. The modified value of the profile for
the next iteration is:

P=P+Ap [7.21]
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The above computation is repeated until the least squares, LS (Equation [7.13]), become
practically zero, ie., the computed dispersion curve matches with the observed one.
Generally, matrix A is not square and may be singular or close to singular. Therefore,
Eq. 7.20 can not be solved by inversion of the matrix A. Singular value decompaosition or
SVD will resolve this difficuity.

SVD methods are based on the following theorem of linear algebra that any NxK matrix
[A] whose number of rows N is greater than or equal to its number of columns K, can be
written as the product of an NxK column-orthogonal (UU™=I) matrix U, an KxK
diagonal matrix W with positive or zero elements, and the transpose of an KxK
orthogonal matrix S, i.e.

A=UWST [7.22]
Substituting Eq. 7.17 in Eq. 7.15 results in
D=Sw Uy [7.23]

Usually w; (an element of W) is nonzero but for some elements the value is very small.
This can result in very large numbers that can cause instability in the solution. To remedy
this instability w,’s with very small values are set to zero.

Iteration is stopped when V reaches a smail value. To monitor V, the following error

criterion is applhied: .
1m, 2
E= FZ(V‘ ) [7.24]
1

The iteration procedure is stopped when the & reaches an acceptable pre-set value.

A. computer program SVD-INVERT was written to implement the above mversion
procedure. Derivatives were calculasted mumerically using central difference.
SVD-INVERT was able to solve cases with 2 to 3 layers successfully but as number of
layers increased, it did not comverge. A possible explanation is due to difficulty in
calculating the derivatives numerically.
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SVD-INVERT program was verified using the following case. First the dispersion curve
for the site shown in Fig. 7.10 was obtained using the new method as described in
Section 6.2. Table 7.6 shows the soil properties and Fig. 7.11 shows dispersion curve for
the site after reducing number of points. Ther, the SVD-INVERT program was run for
two different initial shear wave velocity profiles as shown in Table 7.7. The initial and
final shear wave velocity profiles are presented in Fig. 7.12.

7.5 Summary and Conclusions

A brief overview of three optimization techniques that are implemented for inversion of

dispersion curve is presented. These techniques worked better than trial-and-error

inversion, but they still have several disadvantages:

1 They are sensitive to errant input data and incomplete data,

2 If the injtial estimate of the shear wave velocity profile is far from the actual (but
unknown) solution, the inversion algorithm may never converge to solution.

3 As the number of layers and the number of field dispersion point increase, computer
storage and run-time requirement are increased significantly.
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Table 7.1-Initial guess of soil properties for shear wave velocity inversion.

Shear Wave Velocity | Thickness | Damping | Poisson's ratio Unit Weight

(m/s) (m) ratio (kN/m*)
Layer 1 100 3.0 0.05 0.45 20
Layer 2 115 3.0 0.05 0.45 20
Layer 3 130 3.0 0.05 0.45 20
Layer 4 150 3.0 0.05 0.45 20
Layer 5 165 3.0 0.05 0.45 20
Layer 6 180 3.0 0.05 0.45 20
Layer 7 200 3.0 0.05 0.45 20
Layer 8 215 3.0 0.05 0.45 20
Layer 9 230 3.0 0.05 | 0.45 20
Layer 10 245 3.0 0.05 0.45 20
Half-space 310 © 0.05 0.45 20

Table 7.2-Initial guess of soil properties for shear wave velocity and

thickness inversion.
Shear Wave Velocity { Thickness | Damping | Poisson’s ratio Unit Weight

(m/s) (m) ratio (KN/m’)
Layer 1 110 43 0.05 0.45 20
Layer2 155 8.0 0.05 0.45 20
Layer3 200 13.4 0.05 0.45 20
Layer 4 400 @ 0.05 0.45 20
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Table 7.3-Final soil properties for shear wave velocity mversion,

Shear Wave Velocity | Thickness | Damping | Poisson’s ratio Unit Weight

(m/s) (m) ratio (KN/m®)
Layer 1 115 3.0 0.05 0.45 20
Layer 2 131 3.0 0.05 0.45 20
Layer 3 148 3.0 0.05 0.45 20
Layer 4 171 3.0 0.05 0.45 20
Layer 5 188 3.0 0.05 0.45 20
Layer 6 205 3.0 0.05 0.45 20
Layer 7 228 3.0 0.05 0.45 20
Layer 8 245 3.0 0.05 0.45 20
Layer 9 262 3.0 0.05 0.45 20
Layer 10 279 3.0 0.05 0.45 20
Half:space 353 - 0.05 0.45 20

Table 7.4-Fmal soil properties for shear wave velocity and thickness

mversion.
Shear Wave Velocity | Thickness Damping | Poisson’sratio |  Unit Weight

(m/s) (m) Tatio (&N/m®)
Layer 1 115 4.46 0.05 0.45 20
Layer 2 160 8.36 0.05 0.45 20
Layer 3 209 13.9 0.05 0.45 20
Layer4 418 ® 0.05 0.45 20
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Table 7.5-Initial guess of soil properties for shear wave velocity inversion.

Shear Wave Velocity | Thickness | Damping | Poisson's ratio |  Unit Weight
(w/s) (m) ratio (kN/m*)
Layer 1 150 3.0 0.05 0.45 20
Layer 2 150 3.0 0.05 0.45 20
Layer 3 150 3.0 0.05 0.45 20
Layer 4 150 3.0 0.05 0.45 20
Layer 5 150 3.0 0.05 0.45 20
Layer 6 150 3.0 0.05 0.45.‘ 20
Layer 7 150 3.0 0.05 0.45 20
Layer 8 150 3.0 . 0.05 0.45 20
Layer 9 150 3.0 0.05 0.45 20
Layer 10 150 3.0 0.05 0.45 20
Half-space 500 o 0.05 0.45 20
Table 7.6-Soil properties for analyzed profile.
Shear Wave Velocity | Thickness | Damping | Poisson’s ratio Unit Weight
(@/s) (o) ratio (kN/m’)
Layer 1 220 2 0.05 0.35 18
Layer 2 350 5 0.05 0.35 18
Half-space 800 © 0.05 0.35 21

Table 7.7-Initial guess of soil properties for two different inversion.

Shear wave velocity m/s (1) | Shear wave velocity m/s (2)
Layer 1 180 180
Layer 2 180 270
Half-space 180 500
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(c)

(@)

Fig. 7.1-Possible outcomes for a step in the downhill simplex method. The simplex at the
begmning of the step, a tetrahedron, is drawn with solid Iines. The simplex at the end of the
step (drawn dashed) can be either (a) a reflection away from high pomt, (b) a reflection and
expansion away from the high point, (c) a contraction along one dimension from the high
point, or (d) a contractior along all dimensions toward the low point (Press et al. 1992),
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CHAPTER 8

RESULTS OF FIELD TESTS USING
THE SASW METHOD

This chapter presents the results of several SASW tests. However, to provide a
preliminary information regarding soil sites used in this study a brief description of sites,
field equipment, data collection, and construction of field dispersion curves are given at

the begioning of each test. The imversion results are subsequently presented and
discussed.

8.1 Service Road at the National Research Council,
Ottawa Campus

The SASW test was performed on a flexible pavement section of a service road at the
National Research Council, Ottawa Campus in September 1994.

8.1.1 Field Testing Setup and Data Acquisition

The CS array geometry was used, and the spacings between receivers were 0,125, 0.25,
0.5, 1, 2, 4, 8, and 16 meters. Four types of accelerometer transducers were used to pick
up the seismic signal, depending on the frequency range of terest. For spacing 0.125 m,
to profile shallow layers using short wave lengths, accelerometers which are sensitive in
the high frequency range were used (PCB model 309 A). PCB model 308b10 and PCB
model 306C accelerometers were used for (0.25, 0.50 m) and (1, 2, 4 m) spacings,

respectively, To pick up low frequency signals to profile deeper layers B&XK 8306
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accelerometer was employed for the 8 m spacing. The transducers were attached to small
aluminum plates using steel studs or double sided tape. The plates were glued to the
pavement surface using S-minute epoxy glue to ensure good coupling. A portable dual
channel FFT analyzer (HP 35670 A) was utilized for recording and analyzing the data.

The dynamic signal is generated in the pavement using a variety of sources depending on
the frequency range of interest or the desired depth of sampling, For 0.125 m spacings a
smallsteelba]lwasused,andalightball_pemhammerwasusedforO.ZS, 05 1m
spacings to produce high frequency vibration which is necessary to sample shallow
layers. A heavy sledge hammer (8 kg) and drop weight (approximately 100 kg and height
varied between 1 to 2 m) were employed for large spacings to induce a signal with low
frequency. To enhance signal quality, i.e., increased signal to noise ratio, the results from
five signals were averaged. In order to produce a signal with high coherence in the
frequency range of interest, the test was repeated using different sources or impact
surfaces, e.g., by employing rubber pads. To detect dipping or imhomogenity in the layer,
the test was perform for both forward and reverse configurations.

8.1.2 Construction of the Field Dispersion Curve

The relative phase angle spectra and corresponding coherence finction for 0. 125, 0.25,
0.5, 1, 2, 4 and 8 m receiver spacings are shown in Fig. 8.1, respectively. The usual
procedure for unwrapping was used and the phase velocity and the wavelength was
evaluated using Equations 3.4 through 3.6. These calculations were performed in 2
commercial spread-sheet program (Excel). Data points with low coherence (ie., less
than 0.90) were eliminated. The forward and the reverse tests of the relative phase angle
spectra for 16 m spacings (Fig. 8.1) are different from each other. This implies that the
layers are not horizontal and hence this spectrum was not incinded in the analysis.

The SASW test is usually performed for several receiver spacings. Therefore, - dispersion
data from different spacings are overlapped over wide frequency ranges and for each



201

frequency several dispersion data were available. These dispersion data were combined

to generate the average dispersion curve.

As discussed in Section 4.4.1.2 existing filtering criterion were unable to produce
representative dispersion curves and a new filtering criterion was introduced in this
study. In the new filtering criterion, the data points at the same frequency but obtained
from two different receiver spacings are rejected if they do not match each other. In this
manner, inconsistencies in the dispersion curve due to erroneous phase unwrapping are
avoided.

The final dispersion curve for this site after combiming dispersion points from different
spacings and applying the new filtering criterion is shown in Fig. 8.2. The curve shows
wavelengths ranging from about 0.03 m to about 14 m while the measured Rayleigh-

wave phase velocity varied about from 1400 m/s at surface to 180 m/s at longer
wavelengths.

8.1.3 INVERSION OF DISPERSION CURVE

For automated mversion it is necessary to reduce the number of dispersion data points to
reduce computaﬁon time. The choice of the number of experimental dispersion data
points depends on the number of layer parameters in the trial profile. The number of
dispersion data points should be greater than the number of wnknowas.

Fig. 8.3 shows dispersion curve for the site in which the data points are reduced. As seen
in Fig. 8.3, the phase velocity decrease with increase of wavelength up to 2 m and
becomes constant after that.

The backcalculated site profile was obtained using forward modeling with the simplex
method. The analysis was based on an assumed layered soil model from the Steady-State
mversion procedure of Rayleigh wave data as discussed m Chapter 3. The assumed
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initial values of shear wave velocities are shown in Table 8.1. The calculation of the
initial dispersion curve and iteration of assumed model parameter was carried out until a
matching dispersion curve was found. This process was performed using the computer
program SASW-INVERT, which was described in Chapter 7. The sum of the least
squares criterion was used for evaluating the degree of the match.

The final theoretical and experimental dispersion curves are shown in Fig. 8.4. Table 8.2
and Fig. 8.5 shows the backcalculated shear wave velocity profile for the site.

A crosshole test was performed at this site. Test results were reported by Al-Hunaidi,
1992 (see Fig. 8.5). The shear wave velocities from SASW test varied from about 1240
m/s at the ground surface to about 162 m/s at depth of approximately 0.5 to 6 m. The
shear wave velocities from the crosshole test are about 435 m/s at a depth of 0.4 m to
170 m/s at a depth of 2 m. By comparing the result from SASW and the crosshole test, it
is obvious that there is good agreement between these results. There are no crosshole
results at shallow depths.

8.2 Soil Site, Fraser Farm (Fallowfield of Carleton County)

The site is located in Fallowfield of Carleton County, approximately 30 Km southwest
from University of Ottawa, as shown in Fig. 8.6. At the site, there was a foundation
failure of a tower silo that was documented and analyzed by Bozozuk (1977), and Haile
(1977). The soil profile in the upper 3 m consists of a clayey silt (light brown color) and
below 3 m consists of a silty clay. Wells that have been drilled around this area showed
the depth of bedrock to be 30 m.

8.2.1 Field Testing Setup and Data Acquisition

The SASW test was performed in November 1994. The CS array geometry was used,
and the spacings between receivers were 1, 2, 4, 8, 16, 32, and 50 meters. Two types of
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accelerometer transducers were used to pick up the seismic signal, depending on the
frequency range of interest. PCB model 303C accelerameters were used for 1. 2. 4. and
8 m spacings. To pick up low frequency signals to profile deeper layers a B&K 8306
accelerometer was employed for 8, 16, 32, and 50 m spacings. The transducers were
attached to alummum spikes using steel studs or double sided tape. The spikes were
pushed into ground to ensure a good coupling between transducers and ground. The
dynamic signal was generated in the ground using a hand-held haromer (4 kg) and
mechanical drop weight (weight is around 220 kg and the drop height, depending on
receivers spacing, was varied between 1 to 2 m). A portable dual channel FFT analyzer
(ONO SOKKI model CF-350) was utilized for recording and analyzing the data.

8.2.2 Construction of the Field Dispersion Curve (Fraser Farm)

The relative phase angle spectra and corresponding coherence fimction for 1, 2, 4, 8, 16,
32 and 50 m receiver spacings are shown in Fig. 8.7, respectively.

Calculations were performed following previously stated guidelines in Section 8.1.2.
Since phase data for 50 m has low coherence and the number of cycles is not clear, this
spectrum was not included in the anatysis,

The fmal dispersion curve for this site, after combmning the dispersion curves of all
diﬂ'efent spacings and applying the new filtering criterion, is shown in Fig. 8.8. The curve
shows wavelength ranging from about 0.30 m to approximately 20 m while the measured
Rayleigh-wave phase velocity varied from 56 m/s to 130 m/s.

8.2.3 Inversion of Dispersion Curve

Fig. 8.9 shows the dispersion curve in which the number of data points is reduced.
Fig. 8.9 shows that the phase velocity increases with increase in wavelength up to 3.0 m,
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from 3.0 m to 5.0 m decreases, then remains constant from 6.0 to 16 m and from 16 m

to 20 m the phase velocity increases again.

The dispersion curve was divided into several sections and an initial shear wave velocity
profiles was calculated using the empirical inversion procedure as described in
Section 3.4. The initial profile is given in Table 8.3. The final theoretical dispersion curve
obtained using program SASW-INVERT is compared with the experimental curve in
Fig. 8.10. Table 8.4 shows the final shear wave velocity for the site.

| Unfortunately, no other seismic test was carried out at this site. The only results avatlable
for the site are in-situ vane shear tests and cone penetration tests. These results are
-shown m Fig. 8.11.

It is known that in-situ values of G.x depend on void ratio (eo), overburden stress(s’, ),
and stress history (OCR). Since cone penetration resistance (g, ) also depends on &, and
OCR, a moderate association between Gn.x and g,is possible, despite their incompatible
strain levels. For preliminary correlative purpose, a power finction relates in-situ Gaas,
and g, in clay deposits having a wide range in plasticity, stress history, and consistency
was defmed. Bouckovalas et al. (1989) determined the following empirical relationship

G =28(¢)*  [8.1]
where Goux and g, are both in kpa. Also, G is related to the shear wave velocity using
isotropic elastic theory via

G =pV:  [82]

where p=y/g=mass density of soil, y = total unit weight and g = gravitational
acceleration constant = 9.8 m/s”.

Martin and Seed (1978) also recommended that for clay, the shear modulus at low-strain
can be determined by using undrained shear strength
' ' G_ =2500S, [83]
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where 8, is the undrained shear strength.

The shear wave velocities were calculated by Equations 8.1, and 8.3 and are shown with
the values obtained from SASW tests in Fig. 8.12. Results obtained using the various
method do not agree. This is believed to be caused by the different assumptions implied
in these methods. The accuracy of SASW results for this site Temains unconfirmed.

The results from the SASW test and undrained shear strength show the same trend. But
the shear wave velocities calculated by Equation 8.1 are higher than those obtained from
the SASW test. The shear wave velocities obtained from cone penetration resistance are
higher for the top layer but are smaller at depth in comparison to those obtained from
SASW test. The common feature amongst results obtained by the 3 methods is the
presence of a stiff crust just below the surface.

8.3 Soil Site, Richmond, Vancouver (British Columbia)

The site is located in the ommicipality of Richmond near Vancouver B.C. The location
can be seen in Fig. 8.13. The soil profiles at the site consists of sand and silty sands. The
water level at the site was located near the ﬁn‘face (around 1 m). The site is on the
Fraser River delta and is susceptible to liquefaction. Earlier, the Geological Survey of
Canada conducted seismic cone penetration tests. The results of these test are given in
Fig 8.14.

8.3.1 Field Testing Setup and Data Acquisition

The SASW test was carried out in November 1995. The CS array geometry was used,
and mput signal was produced from a vertically oriented seismic source placed on the
ground (Fig. 8.15). The spacings between receivers were 1, 2, 4, and 8 m. A B&K 8306
accelerometer was employed to pick up the signal. The transducers were attached to
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aluminum spikes using steel studs. A portable duai channel FFT analyzer (HP 35670 A)
was utilized for recording and analyzing the data.

8.3.2 Construction of the Field Dispersion Curve

The relative phase angle spectra and corresponding coherence functions for different
spacings are shown in Fig. 8.16. Fig. 8.17 shows the dispersion curve for the site
produced by processing data according to the guidelines described in Section 3.4. Poor
results were obtained at this site for large receiver-to-receiver spacing. This was caused
by a high background noise level (the site was located close to a highway) and
insufficient impact energy created by the available impact device.

8.3.3 INVERSION OF DISPERSION CURVE (Richmond)

The experimental dispersion curve and the corresponding matching theoretical dispersion
curve are shown in Fig. 8.18. Fig. 8.19 shows a plot of shear wave velocity profiles
obtained from SCPT and SASW tests. The seismic cone penetration test could not be
performed in the top 5 m because the soil was too weak to support even the self weight
of the cone and attached rods. The SASW test was able to determine the shear wave
velocities in the top layers and also shows the same trend as the SCPT profile at depths
where results were obtained by both methods.

8.4 Summary

The results show that the procedures of construction and inversion of the field dispersion
curve developed in this study are working well. Further improvements in these processes
are required to emhance the rate of matching theoretical dispersion curves to field

dispersion curves.



Table 8.1-Initial guess of soil properties for NRC site.
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Shear Wave Velocity | Thickness | Damping | Poisson's Unit Weight
(mv/s) (m) ratio | ratio (KN/m*)
Layer 1 1400 0.20 | 005 0.35 22
Layer2 350 0.3 0.05 0.35 18
Half-space 200 0.05 0.35 17
Table 8.2-Fmal soil properties for NRC site.
Shear Wave Velocity | Thickness | Damping | Poisson’s Unit Weight
(m/s) (m) ratio | ratio &KN/m’)
Layer 1 1240 0.2 0.05 0.35 22
Layer 2 366 0.3 0.05 - 035 18
Half-space 162 ———— 0.05 0.35 17




Table 8.3-Initial guess of soil properties for Fraser Farm site.
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Shear Wave Velocity | Thickness | Damping | Poisson’s ratio Unit Weight
(m/s) (m) ratio (EN/m®)
Layer1 100 1.0 0.05 0.35 20
Layer2 175 1.0 0.05 0.35 20
Layer3 145 1.0 0.05 0.35 20
Layer4 130 1.0 0.05 0.35 20
Layer 5 145 1.0 0.05 0.35 20
Half-space 150 0.05 0.45 20
Table 8.4-Fial soil properties for Fraser Farm site.
Shear Wave Velocity | Thickness | Damping | Poisson’sratio | Unit Weight
(w/s) (m) ratio (KN/m®)
Layer 1 20 10 0.05 0.35 20
Layer 2 162 1.0 0.05 0.35 20
Layer 3 108 1.0 0.05 0.35 20
Layer 4 126 1.0 0.05 0.35 20
Layer5 135 1.0 0.05 0.35 20
Half-space 145 —————t 0,05 0.35 20




Phase Angle

Phase Angle

Phase Angle

From 0.125 m spacing

8

8

8 o 8

0 20000 <0000 60000

Frequency (Hz)

From 0.25 m spacing
180

120 4

10000

S000
Frequency (Hz)

1000

From 0.5 spacing

0 Z0 400 o0 800
Frequency (Hz)

Coherence

Coherence

Coherence

209

From 0.125 m spacing

a8
06
0.4 ;
024
0
0
Frequency (Hz)
From 0.25 m spacing
1
[ |
08 1 3
{
|
086+ ;
0.4
02
0 '
0 5000 10000 15000
Frequency (Hz)
From 0.5 spacing
1
r
08
06+ ‘
041 i
02 -I ’
0 + ' + {
o 2000 4000 8000
Frequency (Hz)

Fig. 8.1-Relative Phase angle spectra and Coherence function for different spacings at NRC.



210

From 1.0 m spacing
From 1.0 m spacing 1

N
180 7 I
120 08 '
i S
g £ 064
s . 2 04
- o
= ©
120 021
-180 0 + + +
0 1000 2000 3000 4000 O 1000 22000 300 <200
Frequency (Hz) Frequency (Hz)
From 2.0 m spacing From 2.0 m spacing
180 1 1,
= @ w
g 2 os+ '
< 0 bl
Q o
& S 04
= : ©
02
120
180 + . . } 0 + +
Frequency (Hz) Frequency (Hz)
180 ~From 4.0 m spacing ; From 4.0 m spacing
© 120 _ o8
[-T4] a0 o
b £ 06
P 5
[ ]
-g 0 g 04
A 120 0.2
=180 4 ' * J 04 + + +
0 S0 10 10 20 0 0 00 10 20
Frequency (Hz) Frequency (Hz)

Fig. 8.1-Relative Phase angle spectra and Coherence fimction for different spacings at NRC
(continued).



From 8.0 m spaciag

Phase Angle

Phase Angle

8 88808888

o 4

10 2 0 40 0

Frequency (Hz)

¥rom reversel6 m spacing

o 8 B

Phase Angle
8

d

0 2 0 =)

Frequency (Hz)

Coherence

Coherence

Coherence

21

From 8.0 m spacing
1 o
08
06
04
02
0 . : . ,
0 2 © e B8 10
Frequency (Hz)

0 10 1) 20 0 58]

Frequency (Hz)

From reverse 16 m spacing

1

08
08
04
02
o] . "
)] 2 £ &
Frequency (Hz)

Fig. 8.1-Relative Phase angle spectra and Coherence function for different spacings at NRC

(contmued).



Phase Velocity (m/s)

Phase Velocity, m/s

Phase Velocity, m/s
- B888EH

1400

OFrom 2S5 em

AFromSOem

" r—a_

OFromim

© From 2 m Spacing
=From 4 m Spacing
O From 8 m Spacing

Wave Length (m)

14

Fig. 8.2- Dispersion curve from proposed fltering criterion.

18

1 2
o
o
°
°
°
3
%
%00 o ° ° e o ° °
0 2 4 6 8 10 2 14 16
Wavelength, m
Fig. 8.3-Reduced field Dispersion points.
© From field dispersion curve
ﬁ 3 From backcalculstion
. §§
PPex o M X0 XOXO X Ox ©

2

4

*

8 10 12
Wavelength, m

14

16

18

Fig. 8.4-Theoretical and in-situ dispersion curves at NRC site.

212



o] 5 ?
o o4
1 a
A
24 a
£
- A From cresshole Test
i 3t O From SASW Test
()
=
4+
54
6 -
) 00 00 600 800 1000 1200 140
Shear wave velocity, m/s

Fig. 8.5-Shear wave velocity profile at NRC site.

Q\
RREVING o QuIrare
£ ' ’ #ﬁ

=
S = I’e" 3 P <
(X - '
% r
~ 3
)
lt--?i ’
Lot PRovVINCE o
3 onTaino
(ymaaszR

e cTEsT 17E)

4 3 TTAHA
RULL yrvRATIOF ©
' N CNRC
% %) .
{35 : N

Fig. 8.6-Location of site at Fraser Farm,

213



Phase Angle Phase Angle

Phase Angle

From 1.0 m Spacing

\ \

NI
A \

8

\
120 ‘
| VIl
0 2 © 0 120 10
Frequency (Hz)
From 2.0 m Spacing .

EF\_\LT\ |

TS

A I )

ol ¥ 4\
Frequency (Hz)

:: rom m_iamni

- | \

: )

. ASA

Frequency (Hz)

Coherence

Coherence

Coherence

214

From 1.0 m Spacing

08 ! j‘
08
ool
0.2 -

o4

0 o © S0 120 180
Frequency (Hz)

1 Frow_fpacing
08 4 w
06 v
04
|

]

0 0 «© 120 10
Frequency (Hz)

1 From 4.0 m Spacing
wl L[
os 4
04 I Vr
02

oA ;

0 o] €O & 80

Frequency (Hz)

100

Fig. 8.7-Relative Phase angle spectra and Coherence function for differen
spacings at Fraser Farm.



Phase Angle Phase Angle Phase Angle

Pﬁase Angle

180
120

120
-180

180
120

=120
-180

180
120

-120
<180

From 8.0 m Spacing

\_[h \

Coherence

WA

\ \ |

From 8.0 m Spacing . )
] 'ﬂ T Wp'!
o L | VI 08 i W
] e 1A 08 I F

0 W 2 WV © 0 v 22 2 ®©
Frequeacy (Hz) Frequency (Hz)
From 16.0 m Spacin : 1 From 16.0 m Spacing
\ h k 3 213
\ VI EY S os
WRVEITITI 2 o by
M — |7 %
0 0V »®» >® O o 0 D B o o
Frequency (Hz) Frequency (Hz)
From 32.0 m Spacing
N
L AN E A S
R\ ﬂ" S
s ‘iﬁ s
(&
. AN
0 5 10 15 20
Frequency (Hz) Frequency (Hz)
From 50.0 m Spacin 1.00 From 50.0 m Spacin
' g 080 |
\[T g oo
" .'é 0.0
U ox
o s w© = » o s w© s =
Frequency (Hz) Frequency (Hz)

Fig. 8.7-Relative Phase angle spectra and Coherence function for differen

spacings at Fraser Farm (continued)

215



Phase Velocity, m/s Phase Velocity, m/s

Phase Velocity, m/s

10
+
* *"*r.tih
e+ +
100 1 .
oFrom1m i
AFrom2m
OFrom4am
X From 8 m spacing
20 X From 16 m spacing
*+ From 32 m spacing
e '
o] 5 10 1S 2
Wavelength, m

Fig. 8.8-Field dispersion curve from proposed filtering criterion.

150
. ° 00006 o0 0o 0 °
100 + o \ . ’
e
. o
o ~—0— Fleld dispresion curve
50 {0
o . .
o 5 10 15 .o
Wavelength, m
Fig. 8.9-Reduced feld dispersion points.
10
. 0.0, 0 8 o0 o0y
o e FP P L% %% o
1m T e
o9 ° °
© © Fieid dispersion curve
- P O Backealcuiation
0 , . ,
0 5 10 15 2
Wavelength, m

Fig. 8.10-Backcalculated field dispersion curve,

216



WATER CONTENT AND
DEPTH son ATTERBE‘S‘S LIMITS SHEAR STRENGTH :.:;‘3] VERTICAL STRESS
METR TYPE
e 0 40 &0 I0 40 , 63 B0 W00 120 Mo

. L L PN A A i i i
| == Craund
" E‘l..g?.n aley, sty ' %, .
- een — }_t.._
5 —_— |
[ -
=3 ¥ h"_.
L "'_;‘s'.{-

s 'f
i W |
b P . :‘:s 1
- Shay,ality \
10 vy —
: — & |V
L. —
™ Wy Woea
- clay, shiy —_—r (3)
2o | wint ogrey .

Depth, m

Fig. 8.11- Results of In-situ test at Fraser Farm site,
a) In-situ vane shear strength test,
b) Cone penetration test.

15

~4



Depth, m

No. 8 Rd.

10

0 o) 100 150

Fig. 8.12-Shear wave velocity profile at Fraser Farm site.

N 5,446,500 m
E 485800m

2 23 330 I
Shear wave velocity, m/s

RADIO TOWER

| SCPT-17 U

40

No. 7 Rd.

WESTMINSTER HWY.

Fig. 8.13-Site location at Richmond, B.C,

218



LE]

10 4

15 ¢

204

as 4

Q04

DEPTH BELOW GRADE (m)

&5+

Fig. 8.14-Shear wave velocity Vs. depth for site at Richmond, B.C.

100 20 00
SHEAR WAVE VELOCITY, (m/s)

Fig. 8.15-Vertically oriented Seismic Source.



220

8 8 8
8 8 8
4 : ]| 8
9 m ¢ e &
£ | £ li|" B
! ) !
| o . o
888388 888988 888388
010D 2UIYO) UANYD) 3IU2191j0))
8 8 8
m 8 8 8
_1 8 ; 8 m, w.m m.
9 @ @
H £ £
] R ]
hk.o . I O S -
fagacpgn §E88°H8RE mmmmommm@o QE8R°E8REY

Jduy aseyyg Jduy aseyy JBuy aseyq Jj8uy ey

¥requency, Hz

Frequency, Hz

tive phase angle spectra and Coherence function for different
- d. !

spacings at

8.16-Rela

Fig.



221

- 140
E 1} + 7
> w0 .
g ] £ XX + o1 m spacing
g a4 !x A2m spacing
e o} Jﬂ‘ X4m spacing
E =0l +8 m spacing
= ok
0 5 10 1S 20 =
Wavelength, m
Fig. 8.17-In-situ dispersion curve at Richmond site.
120
x
&“D" -
E
3-;39..
E o ¥
S it
S ,t“g
® 04+ © Experimental dispersion curve
27 @ R Bacmatet degein o
B onl
0 : .
o 5 10 15
Wavelength, m z
Fig. 8.18-Dispersion curves at Richmond site.
0 .
B4l
'g 24
g al
& 4t
> 54
(=}
T 8 4
-~
= ——From SASW test
B °1 ;
[ L -- -
a 91 X - -From SCPT test | x
10 ; , ,
0 50 100 150 x0
Shear Wave Velocity, m/s

Fig. 8.19-Shear wave veiocity Vs. Depth.



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

The objective of this rescarch was to improve the SASW method by developing
procedures for incorporating mmiti-mode propagation in the backcalculation of site
profiles. The research work addressed three major issues;

1) difficulties with existing SASW test and analysis procedures,

2) calculation of theoretical multi-mode dispersion curves, and,

3) automation of the backcalculation procedure,

In the first part of the study, a program was developed for calculating Rayleigh wave
dispersion curves. Using a case study, it was shown that the fundamental mode is not
always the predominant mode of propagation. Also, the contradiction in the filtermg
criteria, and difficulties with the inversion procedure were shown.

In the second part of the study a new method for calculation of theoretical dispersion
curves was developed based on the maxinum flexibility coefficient concept. This part also
includes the development of three-dimensional numerical sirmilation of the SASW test,
and simulation of the original Steady-State test. _

Finally, the new method for calculation of dispersion curves was incorporated with the
down-hill simplex method for automatic inversion of SASW data.
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9.1 Conclusions

Thke conclusions that can be drawn from the three previously described parts of this
research will be presented separately.

Part 1
1. Higher modes in irregular soil and pavement sites have significant influence on overall
wave propagﬁt:ion and in some cases are the dominant ones. Therefore, the inversion of

such sites should not by guided solely b theoretical first Rayleigh mode.

2. Available filtermg criteria are insufficient to ensure the condition that the measured
wave field is composed of one mode. Hence they yield inaccurate dispersion curves

when multi-mode propagation occurs.

3. In order to find a relizble dispersion curve a new criterion is introduced. Since the
SASW test is usually performed for several receiver spacings, dispersion data from
different spacings overlap. Hence, for each frequency several dispersion ‘points may be
available. In the new filterimg criterion, dispersion points at the same frequency but
obtained from two different receiver spacings are rejected if they do not match each
other. The new filtering criterion successfully eliminates inconsistencies in the
dispersion curve caused by mlti-mode propagation.

Part two

1. To evaluate the test and data analysis procedures of the SASW method, 2 computer
program for simmlation of actual tests was successfilly developed. The implementation
and applicability of the computer simulation were verified and demonstrated.
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. To solve the uncentainty caused by unwrapping phase angles in the SASW analysis
procedure, a computer program for simulation of the original Steady-State Rayleigh

wave was developed.

. For an assumed profile the vertical flexibility coefficients exhibit sharp peaks at distinct
wave numbers. Wave numbers where these peaks occur correspond to the modes of
surfice waves in the layered system. Using the vertical flexibility coefficient, a new
method for calculation of the theoretical dispersion curve was introduced.

. Theoretical dispersion curves obtained with the maximum flexibility coefficient method
are in agreement with those obtained with the roct searching technique for regular sites.

- For irregular soil sites or pavements, the dominant propagation mode may not remain
the same for the whole frequency range. It was shown that as frequency increases the
predominant mode may shift to higher order modes.

- It was demonstrated that dispersion curves obtained with simulated SASW tests, and
smmulated Steady-State tests, are in agreement with those obtained with the maximmum
vertical flexibility coefficient method for irregular sites.

Part three

1. A computer program was developed for backcalculation of site profiles based on the
vertical flexibility coefficient method for calculatimg theoretical dispersion curves,

2. The backcalculation method was automated using the down-hill simplex optimization
method. It was found that:
i) The automation procedure is sensitive to errant input data and incomplete data.
ii) If the initial estimate of the shear wave velocity profile is far from the actual (but
unknown) solution, the inversion algorithm may never converge to a sohution.
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3. The new backcalculation procedure was used for obtaining the shear wave velocity
profiles from SASW tests at several sites. The SASW results were in agreement with

those of other seismic methods.

4. At some sites the transient input motions generated by hammers and drop weights did
not provide acceptable results at low frequencies. Vibration amplitude at a particular
frequency is a function of the weight of the source, the contact area, the velocity of
impact, and the characteristics of the ground surface itself. Therefore, to find a source
that gemerates sufficient amplitudes for the frequencies of interest, it is usually
necessary to try different sources. This trial and error testing of various sources
significantly increases the time required to perform the SASW test.

In ciosing, the backcalculation method developed in this study based on the maximum
flexibility coefficient is superior to existing methods based on root searching in situations
of multi-mode propagation. It should be noted, however, that the success of the new
method is limited to situations where only one mode predominates. This could be the first
mode or any higher mode. Also, the optimization technique implemented in this procedure
may not converge to a global minimmm sohition as occurs with optimization techniques
implemented with existing inversion procedures,

9.2 Recommendations

Determination of shear wave velocities and thickness of soil and pavement layers by
inversion of surface wave dispersion curve is very attractive. To improve and promote the
use of the SASW method, the following areas require further research.

1. Sources to generate sufficient vibration amplitudes at low frequencies. This may include

sources such as air and water guns and explosives.
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2. The interpretation of phase spectra (i.e. the process of unwrapping phase) is the most
difficult part of the SASW test procedure. The coherence finction plays important role
in SASW phase spectrum interpretation. More investigation is required regarding the
use of the coherence function for processing of the SASW data.

3. Global optimization techniques.

4. The procedure for construction of field dispersion curve needs to be standardized.
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APPENDIX

FLOW CHARTS, INPUT AND OUTPUT DATA FILES
OF COMPUTER PROGRAMS

A.1 DISU

This program calculates theoretical dispersion curves based on root-searching as described
in Section 4.3 for system without damping. Fig. A.1 shows ‘.- flow chart of this program.
The required input data’ is as follows:

I-initial condition of the bottom layer (the program has tke capability of considering
layered systdn in three different ways: layered system over half-space or fixed based or
free base), -

2-number of layers,

3-shear wave velocity (m/s), thickness (m), unit weight (kN/m®), Poisson’s ratio of each

layer,

4-frequency range and increment (Hz),

S-increment of phase velocity (m/S), and

6-number of required modes.

The output file contains two columns. The first colunm shows the frequency (Hz) and the
second one shows the phase velocity (m/s).

* Input data is free format,
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A2 DISD

This program calculates theoretical dispersion curves based on root-searching as described

in Section 4.3 for system with damping. Fig. A.2 shows the flow chart of this program

The required input data’ is as follows: _

1-mitial condition of the bottom layer (the program has the capability of considering
layered system in three different ways: layered system over half-space or fixed based or
free base),

2-number of layers,

3-shear wave velocity (mw/sj), thickness (m), unit weight (KN/m’), Poisson’s ratio, and

damping ratio of each layer,

4-frequency range and increment (Hz),

S-increment of phase velocity (m/s), and ,

6-number of required modes.

The output file contains three columms. The first colurnn shows the frequency (Hz) and the
second one shows the phase velocity (m/s) and the third one shows the apparent™
- velocity (m/s).

* Input data is free format.

- JRe(V, ) +Im(V, )
‘ Re(V,.)
Where
¢, = Appareat velocity
Re(Vi) = Real part of phase velocity
Im(V;s) = Imaginary part of phase velocity
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A3 SIM

This program simulates SASW tests, calculates the vertical flexibility coefficients,
simulates a steady-state test, and calculates dispersion curves based on the maximum
vertical flexibility coefficient method. The required formulation was explained in Chapters
4 through 6. Fig. A5 shows the flow chart of this program. The required input data’ is as
follows:

l-mitial condition of the bottom layer (the program has the capability of cbnsidcrhxg

layered system in three different ways: layered system over half-space or fixed based or
free base),

2-number of layers,

S-shear wave velocity (m/s), thickness (m), unit weight (kN/m®), Poisson’s ratio of each
layer,

4-frequency range and increment (Hz),

5- wave number range and increment,

6-radius of loading disk (m),

7-loading of disk (KN),

for simmlation of the SASW test

8-number of receiver-to-receiver spacings,

9-receiver-to-receiver distance (m).

for simmlatior of the Steady-State test

10-surface distance that is mterested to simulate the Steady-State test (m),

The output file for stmmlation of SASW tests contains eight columms as follows:
1-receiver-to-receiver spacing (m), |
2-frequency (Hz),

3-real part of transfer fimction,

4-imaginary part of transfer finction,

S-wrapped phase angle of transfer fimction,

6-unwrapped phase angle of transfer fimction,
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7-wavelength in m,

8-phase velocity in mv/s.

The output file for simulation of Steady-State test contains four columus as follows:
1-distance from source (m),

2-real part of vertical surface motion,

3-imaginary part of vertical surface motion,

4-in-phase position of surface motion.

The output file for calculating the vertical flexibility coefficient contains three colunms as
follows:

l-wave number

2-real part of vertical flexibility coefficient,

‘3-imaginary part of vertical flexibility coefficient.

The output file for calculating theoretical dispersion curve based on the vertical flexdbility
coefficient approach contains four cohumns as follows:
I-frequency (Hz),
2~maximum wave number,
3-phase velocity (m/s),
4-amplitude of vertical flexibility coefficient.

* Input data is free format.
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A.4 SASW-INVERT

This program matches the field and the theoretical dispersion data points by the down-hill

simplex method as described in Scction 7.2, Fig. A4 shows the flow chart of this

program. Input data” is as follows: .

l-mitial condition of the bottom layer (the program has the capability of considering

layered system in three different ways: layered system over half-space or fixed based or

free base),

2-number of layers in initial profile,

3-shear ‘wave velocity (m/s), thickness (m), unit weight (KN/m’), Poisson’s ratio and
damping ratio of each layer in the witial profile,

4-number of iterations, '

S-number of field dispersion data points,

6-values of dispersion data points.

The output file contains initial and final profiles, field and theoretical dispersion data

points, and final Least Squares value of difference between field and theoretical dispersion
data points. '

*Iﬁputdataisﬁeefomat.



A.5 SVD-INVERT

This program matches the ficld and the theoretical dispersion data points by the linearized

least-square optimization technique as described in Section 7.4. Fig. A.S shows the flow

chart of this program. Input data’ is as follows:

1-initial condition of the bottom layer (the program has the capability of considering

layered system in three different ways: layered system over half-space or fixed based or

free base), | |

2-number of layers in injtial profile, _

3-shear wave velocity (m’s), thickness (m), unit weight (kN/m’), Poisson’s ratio and
damping ratio of each layer in the initial profile,

4-number of iterations,

5-number of field dispersion data ponts,

6-values of dispersion data pomts.

The output file contains initial and final profile, and field and theoretical dispersion data
points, and fimal least-squares value of difference between field and theoretical dispersion
data points.

* Input data is free format.
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Read data from input file

L1

[Calculate phase velocity range for given profile 1

v

Lpop over frequency range |

v

s e e ]LOOP OVEF phase velocity range Ji - A

v

3 | LOOP OVEr nUMber of layers NU
——| Calculate stiffness matrix for each layer

i Construct global stiffness matrix by assembling
Lo stiffness matrices of all layers

v

Calculate determinant of global stiffness matrix Dj

/E\
< Di"Di+1<0.0 ? no >

yes

Call Newton-Raphason subroutine

Wiite frequency and root

_Stop )
Fig. A 1-Flow chart of DISU: a program to calculate theoretical dispersion curves
for system with no dampmng.




e
Read data tmrﬁ input file

|Calw!ate phase velocity range for given profite

A 4

e - LOOP OVEr phase velocity range J

e Loop over frequency range |

A4

v

——-—--—-~| LOOp Over number of layers NL|

\ 4

S Calculate stiffness matrix for each layer

v

Construct global stiffness matrix by assembling
stiffness matrices of all layers

v

Calculate determinant of global stiffness matrix at Dj, D1, Dy

|

\ 4

Call Muller subroutine

v

B T

Wirite frequency, phase velocity and apparent velocity

Fig. A.2-Flow chart of DISU: a program to calculate theoretical d:spersxon curves

for system with damping.
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Start

A 4

Read data from input file

A 4

Loop over frequency range |

l
\ 4

Loop over wavenumber range

A 4

P | L OOR OVEr fUmber of layers NL

B

t— ! Galculates stiffness matrix for each layer

Construct global stiffness matrix by assembling

-

} stiffness matrices of all layers
P Calculate flexibility matrix by inverting stiffness matrix

Transform applied load into frequency-wavenumber domain

Calculate vertical fiexibility coefficient
!
v

ite frequency, and vertical flexihility coefficient
!

\ 4

Fig. A.3a-Flow chart of SIM: a program to calculate vertical flexibility coefficient.



s
v

Read data from input file '

\ 4

Loop over frequency range |

I
v

rmm s el LODD OVET Wavenumber range

A 4

~-—==-| Loop over number of layers NL

A 4

bt Calculate stiffness matrix for each layer

C K2 |
‘ Construct global stiffness matrix by assembling
stiffness matrices of all layers

h 4
Calculate flexibility matrix by inverting stiffness matrix
\ 4
Transform applied load into frequency-wavenumber domain

v

Calculate vertical fiexibility coefficient

: H

]
! : +
' .

Calculate the maximum vertical flexibility amplitude

4

Calculates phase veiocity
|

o \ 4
e — el Wirite frequency, and phase velocity

Fig. A.3b-Flow chart of SIM: a program to calculate theoretical dispersion curves.
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el LOOP OVEF fréquency range |

""‘ﬁ

Stant

\ 4

Read data from input fite

4

v

oo LOOP OVET WAVEeNnumber range
\ 4
premme e ] 0OR QvEr number of layers NL

v

————1 Calculate stiffness matrix for each layer

A 4

Construct global stiffness matrix by assembling
stiffness matrices of all laysrs

Calculate flexibility matrix by inverting stiffness matrix

Transform applied 1oad into frequency-wavenumber domain
|

v

Calculate vertical flexibility coefficient

v

| Loop aver receiver-to-receiver spacings
- Calculates vertical surface displacement
Calculate transfer function, wrapped phase angle,

unwrapped phase angle, wavelength, phase velocity

v

Wirite real and imaginary parn of transfer function, wrapped phase angle
unwrapped phase angle, waveiength, and phase velocity

Fig. A.3c-Flow chart of SIM: a program to simulate SASW tests.
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T
\ 4

Read data from input file

v

e el LOOP OV frequency range |

v

mrmmeeee e OGP OVET WaVEnUmber range

\ 4

o emeemm— | LOOP Over number of layers NL

v

~—-~—1 Calculate stiffness matrix for each layer

v

Constructs global stiffness matrix by assembling
stiffness matrices of all layers

Calculate flexibility matrix by inverting stiffness matrix

: Transform appiied load into frequency-wavenumber domain

v

Calculate vertical flexibility coefficient

v

~ Loop over surface distance

= Calculate vertical surface displacement and in-phase position

v

Co
o Write real and imaginary part of surface displacement,
and in-phase position of surface motion

Fig. A.3d-Flow chart of SIM: a2 program to simmlate Steady-State tests.
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Read data from input file

A 4

For initial soil profile calculate theoretical phase velocity
based on flexibility approach

\ 4

-1 Loop over number of iterations

v

' Calculate the difference between theoretical and field dispersion data points (c)

Is Yes

Call Down-hill simplex subroutine ( this subroutine changes parameters of
initial profile by reflection, expansion, contraction ).

v

IFor new profile calculate theoretical dispersion data points

v

Write final shear wave velocity profile <

Fig, A.4-Flow chart of SASW-INVERT: a program to backcalculate site profile using
simplex method.
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Read data from input file
\ 4

For initial soil profile caiculate theoretical phase velocity

based on flexibility approach

?Calculate the difference between theoretical and field dispersion data points (c)

Loop cver number of iterations

v

IS\ Yes,
emror critefion? —>

no \

A 4

Calculate partial derivatives

h 4
Call SVD subroutine to calculate increment of soil profile (D)

[ modify mnitial parameters ]
!

, Y
Laf——————For new profile calculate theoretical dispersion data points

]

Y A 4
Wiite final shear wave velocity profilei

Fig. A.5-Flow chart of SVD-INVERT: a programto backcalculaté site profile using
‘ Imearized least squares method with singular value decomposition.
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