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Abstract

The purpose of the current research is to implement Geophysical Techniques (GT) in
measuring small strain wave velocity at different soil properties. Soil properties that
are considered include void ratio (degree of compaction), water content (degree of
saturation), particle sizes (gradation), clay content, and cement content. Furthermore,
to develop a soil wave velocity-stress relationship, wave velocity through externally
loaded soil is measured under a shallow foundation applying different vertical
stresses. To fulfill the investigation purpose, local sand was collected and subjected to
in-depth laboratory tests, such as sieve analysis, compaction tests, shear tests, and full
soil classification. For index tests, twenty 6-in-diameter specimens were prepared
with different soil properties. In addition, two identical 1/3-scale strip footing model
tests are constructed and instrumented with geophones, accelerometers, and load cells.
The purpose of these tests is to establish correlations between wave velocities
measured on granular materials at different applied vertical stresses. These
relationships can be utilized to predict, from in situ velocity measurements, the
velocity expected under a shallow foundation required for numerical modeling of
various soil materials. Index test results indicate that the P-wave velocity decreases by
40 to 70% as the soil water content increases up to certain thresholds of 3.5 to 4%,
which itself increases with compaction effort. In addition, the wave velocity increases
by 30 to 80% when sand gradation tends to be fine. A 10% clay content increases the
sand wave velocity by 40% in dry condition and 200% in wet condition. Results also
show that the addition of 3% Portland cement resulted in a 5 time increase in soil
wave velocity, especially after three-days of curing time. The scaled footing tests
indicate that the P-wave velocity increases nonlinearly as the footing applied stress
increases, and the largest value was measured directly at the bottom of footing. For
practical implementation, a nonlinear relationship has been developed to calculate the
increase in the P-wave velocity due to footing external applied stress. This increase
can be used together with measured in situ velocity, which can be measured using any
suitable geophysical method, to estimate the change in soil modulus at different
depths below the footing.

Search Terms: Nondestructive techniques, Wave velocity, Geophones,
Accelerometers, Soil properties, Strip footing.
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Chapter 1: Introduction

1.1. General

The design of any structure that will be built in direct contact with the soil usually
starts with subsoil investigation process. The result of this process is usually a
geotechnical report that incorporates different soil properties necessary for completing
the structure design. The subsoil geotechnical report includes a comprehensive
evaluation of geotechnical parameters, main recommendations for foundation design,
and major inputs for analytical and numerical analysis. The recommendations and
conclusions of the geotechnical report are mainly based on a series of laboratory and
field tests that are designed and standardized to measure different soil properties.
These tests are generally tended to be costly and time-consuming, which in turn adds
to the overall project budget and construction time. Examples of field tests that
usually one or two are conducted for structures are: Standard Penetration Test (SPT),
Cone Penetration Test (CPT), Vane Shear test (VST), Pressure-meter Test (PMT),
Flat-Plate Dilatometer (FPD), or Plate Load Test (PLT). In addition to being costly
and time consuming, the results of field and laboratory tests are usually interpreted
based on correlation equations that may render results with 100% difference [1][2].
Furthermore, most of the field tests require borehole loges in order to conduct the test
at different depths and to collect disturbed and undisturbed samples for the lab tests,

which adds to the cost.

On the other hand, laboratory tests need highly skilled technicians and are
conducted on soil specimens that are either collected from the field, “undisturbed
samples”, or reconstituted samples. These samples are usually subjected to certain
degree of disturbance during drilling and sampling process [3]. Furthermore, in highly
variable and anisotropic soil, these samples might not be representatives of the full
soil domain. Therefore, tests conducted using these samples may not represent the real
soils that samples are extracted from. Other disadvantages of these tests include test
duration which is too lengthy and very expensive, especially for time consuming, high

tech tests.

To eliminate disadvantages and limitations of both field and lab tests discussed
earlier, nondestructive, non-invasive techniques have been developed and

incorporated in soil investigation. Geophysical Technique (GT) is one of the
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nondestructive tests that are employed to determine the stiffness properties of the soil.
This technique relays on the measured body wave velocity in order to determine the
soil stiffness. The main objective of this research is to adapt the Geophysical
Technique (GT) facilities that are available at the AUS in predicting the variation of
soil stiffness with different soil properties. In addition, the same technique is used to
measure the variation of the body wave velocity under shallow foundation. This
allows for the measurement of soil stiffness under large applied stress from strip
footing.

1.2. Problem Statement

A review of the current state of practice with respect to measurement and
variation of soil stiffness reveals that fewer studies have considered the correlation
between the wave velocity in soil and the stress applied from shallow foundation. In
addition, Bender Element that is commonly used for wave measurement in soil due to
its simplicity and relatively low cost was reported to be unsuitable for undisturbed or
cemented materials [4][5]. This is because Bender Element is always inserted into the
soil specimen which may cause significant disturbance in the vicinity of the inserted
element. This disturbance might affect the wave transmitted from one side to the other
side of the soil specimen, which in turn might affect the measured velocity and soil
stiffness. Therefore, the surface flat shape or disk transducer can be applied to various
types of specimens, including stiff or cemented materials, with relative ease, and no
disturbance effect. A disk transducer usually measures the compression wave (P-
wave) velocity. However, it can also be used simultaneously to measure shear waves
in an identical specimen, as opposite to the Bender Element which is generally used to
measure only shear wave velocity. Based on the review of the current practice, the

following points are relevant to the objectives of this thesis:
e There is a lack of laboratory studies required for establishing relations

between the physical properties of the soils and their seismic properties,

especially at low pressures which is equivalent to these shallow depths.
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e The effects of soil formation, degree of saturation, water content, void ratio,
cementitious material, and compaction on seismic (P- and S-wave) properties

of soils are largely unknown.

e Interpretation of seismic data at shallow depth (i.e., small overburden
pressure) requires measuring the P-wave and, to a lesser extent, S-wave
propagation at low pressures; however, most available measurement lack

information about P-wave which is crucial for field seismic interpretation [6].

In addition, it is noted that P-wave laboratory data collected for soils at low-
pressure conditions appropriate to the near surface are sparse in the literature and
information about both compressional and shear wave velocity measurements as a
function of pressure at the extremely low pressures representing the shallow
subsurface is required. A research strategy to meet this goal is to develop laboratory
experiments involving the measurement of P-wave velocity at low pressures in
compacted soil specimens. Therefore, a simple, easy to use, and cost efficient setup is
developed in order to measure P-wave velocity in different sandy soil specimens with
different properties. In designing this setup, the shortcomings of Bender Element were

avoided to the best way possible.

1.3. Research Objectives

Based on the problem statement explained above, the current study aims to

achieve the following objectives:

1. Develop a laboratory setup that is capable of making accurate measurements
of P-wave velocity in soil specimens at different soil conditions and
properties, and at low confining pressure.

2. Conduct a sensitivity analysis to select the setup dimensions that fulfill the
requirements of wave length and wave propagation through soil specimens.

3. Use the developed experimental setup to quantify the variation of P-wave
velocity with different soil properties; for example, dry density, void ratio and

different soil gradation, water content, clay content, and cement content.
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4.

Develop and construct model test setup for a strip footing on sandy soil that
instrumented with accelerometers and geophones to measure both soil bearing
capacity and wave velocity at different stress increments.

Develop a P-wave velocity-bearing stress equation for shallow foundation that
can be used alternatively to either predict stress at known velocity, or to

predict velocity at known stress.

1.4. Significance of the Research

The significance of the current research work could be summarized in the

following points:

1.

This research belongs to nondestructive testing techniques which are
considered a new research trend emerging in the area of geotechnical

engineering.

It is the first time to measure the P-wave velocity in soil using this simple, yet
easy technique that relays mainly on the fundamentals of wave propagation on
soil mass.

This research is unique as it uses the geophysical instrumentations at different
depths under strip footing although they are always practically used at the
ground surface.

The implementation of geophones together with accelerometers to measure P-
wave velocity under strip footing adds to the reliability of the results of this
research.

The experimental results obtained in this research allow for the development
of empirical relationship that permits more accurate inversion of wave velocity

to stress, and vice versa.

1.5. Thesis Organization

Chapter 2 summarizes the available literature related to research subject of wave

velocity in soil and methods of measuring it. Fundamentals of geophysical techniques

are presented first, and then relationships between wave velocity and bearing capacity

are introduced. The types of failure under strip footing at ultimate load are also
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discussed. Finally, the effect of moisture content, void ratio, and clay content in both
P-wave and S-wave velocity is discussed.

Chapter 3 begins with a description of the material properties, and then it provides
a detailed discussion of procedures used to determine these properties. The
instrumentation used to measure the P-wave velocity in both index tests and strip
footing model is described next. Sensitivity analysis that is conducted to select the
index test dimensions and setup is also explained. In addition, scaled footing tests
with description of the instrumentation are introduced in details. Finally, signal
processing and interpretation for determining wave velocity are explained.

Chapter 4 presents and discusses the study results, starting with index test results.
In addition, it introduces different effects of soil properties on measured wave
velocity. Then, the strip footing test results are presented and discussed. The chapter
ends with a useful velocity-stress relationship.

The last chapter, Chapter 5, summarizes the important findings and provides final
conclusions and recommendations. Potential future studies on the subject are also

suggested.
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Chapter 2: Literature Review
2.1. General

Geotechnical geophysics is defined as the application of geophysics to
geotechnical engineering problems; for example, investigations extended to a total
depth of thousands of feet in some instances. There are several types of Geotechnical
geophysical surveys, such as tests that are performed on the ground surface, within
boreholes, and from the water and air. These methods, with the exception of seismic
tomography, are primarily surface-based techniques. Moreover, the field of
geotechnical geophysics is different from nondestructive testing.

According to Oyedele et al. [7], the geophysical and the geotechnical methods
can be widely used in a number of areas, such as geotechnical investigations (e.g.,
Standard Penetration Test and Cone Penetration Test) that are carried out on the site,
and geophysical techniques (e.g., Vertical Electrical Sounding) that are also
implemented.

Moreover, according to Jamiolkowski [8], geophysical testing in geotechnical
engineering is used for various reasons, such as measuring stiffness at small strain as
obtainable from the (S and P) velocities, evaluation of void ratio and porosity from
the measured S and P velocities, and using the S-wave velocity to evaluate the coarse

grained soils susceptibility to cyclic liquefaction.
2.2. Geophysical Technique

Geophysical Technique uses the mechanical wave spread through the solid
and its characteristic velocities in order to determine stiffness, damping, and different
layers thicknesses. Stiffness (k) and damping (c) that are measured using the
Geophysical Technique represent small strain response of the soil. Both S-wave and
P-wave can be utilized in geotechnical site characterization in a multi-channel surface
wave’s analysis (MCSWA) technique. In this technique, a multiple number (usually
twelve or more) of receivers (geophones) with a seismograph are used as shown in
Figure 1. In this method, ground response is usually generated by using impulsive
seismic source that is produced by a hammer. Recorded data in Figure 2a could be
presented after the test to produce the dispersion curve in Figure 2b, which is used to

produce the shear wave velocity profile as shown in Figure 2c.

18



In addition, seismic velocity profile can provide information on the variability beneath
a certain site. Moreover, it allows for creating a qualitative assessment of the
variability of soil properties, such as strength and stiffness. Features, such as fractures,
voids, rock layers and soft spots, which are considerably difficult to detect using the
conventional boring and drilling techniques, can be detected by the geophysical
techniques. Geophysical techniques can be used also to provide values of the stiffness
of the soil layers (Go or Gnax) based on the shear wave velocity, and the soil bulk

density (p) through the following equation:

G, = pV,’ (2.2)

T= Sledge hammer

@Y? Rﬁ( Ground

= Surface

B He B - . - 0 g 0 o B H \E\_\_\_/f H e i
Wave Propagation

Geophones Receivers

ol

Figure 1: Multi-Channels Surface Wave Analysis (MCSWA) technique
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Figure 2: Example of recorded multi-channel data in MCSWA method and processing
steps

Measuring the shear wave velocity in the site has an advantage of reflecting
the true soil properties, such as void ratio, density, stress history, mean effective
stress, shear strength, and geological ageing. Sirikarn [9] states that both P- and S-
wave velocities increase with an increase in the soil density and effective stress and
with the reduction in the soil porosity. As a result, the wave velocity increases as the
depth below ground surface increases. Gardner et al. [10] suggest the following

relationship between P-wave velocity (Vp) in m/s and density (o) in gm/cm®;

1

p=031V,)* (2.2)

However, Dey and Stewart [11] state that there is a need of more information
in the equation that is proposed by Gardner et al. [10]. In addition, Minsu and Gye-
Chun [12] point out a relationship between the internal angle of friction and the shear
wave velocity. However, they indicate that the void ratio (e), and the effective

overburden pressure (o,) should be included in any equation that correlates soil
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friction angle and wave velocity. In addition, they report 25% difference between
values of friction angles predicted with shear wave velocity and those predicted using
standard penetration test (SPT). In other words, the shear wave velocity
underestimated the friction angle compared to SPT. The reason for this difference is
attributed to the very small strain state in measuring Vs compared to the large strain in
conducting SPT. Nonetheless, the researchers did not propose a clear and solid

correlation equation relating soil friction angle (¢) and shear wave velocity (Vs).

According to Sirles [13], the geotechnical geophysical survey is often the most
cost-effective method to obtain subsurface information over large study areas. It is
generally used to select borehole locations and can provide information about the
variability and nature of the subsurface between the existing boreholes. Other
advantages of geotechnical geophysics are related to site accessibility,
noninvasiveness, portability, and safety. Moreover, according to Jamiolkowski [8],
geophysical testing in geotechnical engineering is used in various ways, such as
measuring stiffness at small strain as obtainable from the (S and P) velocities,
evaluation of void ratio and porosity from the measured S and P velocities, and using
the S-wave velocity to evaluate the coarse grained soils susceptibility to cyclic

liquefaction.

Moreover, Schulze [14] states that “For the determination of allowable
bearing pressure, the geophysical methods, utilizing seismic wave velocity measuring
techniques with absolutely no disturbance of natural site conditions, may yield
relatively more realistic results than those of the geotechnical methods, which are
based primarily on borehole data and laboratory testing of so-called undisturbed soil
samples.” Since that time, numerous trials have been made to solve the geotechnical
problems using the geophysical techniques. For example, the P-wave velocity was
used to determine the unconfined compressive strength and the modulus of elasticity
for different samples of soils (sand and rock). In addition, Hardin and Black [15] and
Hardin and Drnevich [16], based on extensive experimental data, establish relations
between the shear wave velocity, shear rigidity, and the void ratio of soils. Likewise,
Ohkubo and Terasaki [17] provide various expressions trying to relate the seismic
wave velocities to weight density, water content, permeability, modulus of elasticity,

and the unconfined compressive strength.
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2.3. Geophysical technique and bearing capacity

For the sake of rapid, cost effective determination of the soil bearing capacity,
and to avoid the limitation of empirical equations that relate soil properties to shear
wave velocity, a number of researchers suggest to directly relate the soil bearing
capacity (gqy) to the wave velocity (V). Based on extensive site investigation,
laboratory testing, and geophysical tests, Tezcan et al. [18] propose an empirical
formula to correlate the allowable bearing capacity of shallow foundations in soils and
rocks to the wave velocity and soil unit weight. The proposed equation takes the
following form:

_ 0.1(y, +0.002V,, )V,

a . (2.3)

In the equation above, y is the reference unit weight and is assumed to be 16
kN/m? for loose, sandy and clayey soils, Vp; is the P-wave velocity for soil above the
foundation level, Vs, is the S-wave velocity for soil below foundation level, and n is
considered as a safety factor. However, Equation (2.3) has several assumptions and
limitations that need to be clarified. For example, not only Equation (2.3) is driven
based on modified Rankine’s methods that are dated back to 1920, but also Tezcan
and Ozdemir [19] build their equation based on the expression q, = yD;. Comparing
this expression with [21] (i.e., Equation (2.5)) indicates that Tezcan and Ozdemir
neglect a number of highly significant terms; for instance, bearing capacity factors (Nq

and N,), and most importantly they neglected the term o.5,8n F = which is called »

term in the general bearing capacity equation. Finally, Tezcan and Ozdemir [19]
measured shear velocity in-site at very small shear strain while they conducted plate
load tests to measure ¢, at large strains. This deficiency forced them to use several
baseless assumptions, and to use n as a calibration factor, not as a safety factor.

Values of the allowable bearing pressures, ga, estimated using conventional
Terzaghi theory are shown in Figure 3. In the same figure, values of the P and S wave
velocities have been measured in situ, right at the foundation level for the purpose of
determining the allowable bearing pressures, g, using the method suggested in
Equation (2.3). It is clear that, for Vs smaller than 400 m/s, the two methods predict

closer and quite acceptable results. For Vs larger than 400 m/s, the proposed method
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started to over predict the bearing capacity. In fact, Tezcan and Ozdemir [19] state
that the conventional method fails to produce reliable and consistent results for
relatively strong soils and soft rocks. This is attributed to the difficulty in determining

the appropriate soil parameters ¢ and ¢ for use in the ‘conventional’ method.
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Figure 3: Comparative results of ‘Conventional’ and ‘Dynamic’ methods [19]

In addition, Joseph et al. [20] measured the P-wave and S-wave velocities
using the seismic refraction survey in the city of Eket, Nigeria. Their work is
extensively focused on finding mathematical relations between elastic parameters and
seismic refraction velocities for the study area. Results show that the allowable
bearing pressure increases when the shear modulus and shear wave velocity increase.
Moreover, the relationship between the allowable bearing pressure and the shear
modulus prove that the allowable bearing capacity increases with depth. In addition,
the main goal of their study is to use the findings as a guide in the location of
foundations. Moreover, free-free resonant column test was used for measuring shear
modulus (Gmax) and material damping (Dmin) in laboratory for both soil and rock
specimens. The advantage of free-free resonant device is that it allows measurements

in a pressurized cell of sigma effective more than 80 KPa. Moreover, resonant column
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test was used to find the relationship between shear modulus, material damping, and
shear strain in both soil and rock. The relationship between the allowable bearing
pressure and the shear modulus approve that the allowable bearing capacity increases
with depth. The main goal of the study by Joseph et al. [20] is to use the findings as a

guide in the location of foundations. The used procedure follows the equation below:

Shear modulus, p = YI;%Z = p Vs? (2.4)

where; y= y0+0.002Vp,
Vsand V,are measured in the laboratory while doing the test,
0= 16 KN/m? for loose sand and clayey soils,

Sub-grade coefficient and ultimate bearing capacity can be calculated respectively as:

Ks
Ks=4y Vs andqf:4—0
However, it should be noted that this method is only applicable for shallow

foundations.
2.4. Bearing capacity wave relations

Measuring the shear wave velocity in the site has an advantage of reflecting
the true soil properties, such as void ratio contributions, density, stress history, mean
effective stress, shear strength, and geological ageing. Bearing capacity of a shallow
foundation that is rested on a sandy soil depends on the soil friction angle, and soil
bulk unit weight [21]. The relationship between the bearing capacity of a shallow

foundation (q,) with both (¢) and (y) is as follows:

s 1 's
qu:7/DquFq +§7/BN;/F;/ (25)

where; Dy = foundation depth below ground surface,
Ngq , N, = bearing capacity factors depends on ¢,

B = foundation depth, and
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Fq°, F,* = factors depend on depth of foundation, load inclination and foundation
shape.

According to Narongsirikul [9], both P- and S-wave velocities increase with
an increase in the soil density and effective stress, and with the reduction in the soil
porosity. As a result, the wave velocity increases as the depth below ground surface
increases. Shear wave velocity is the most powerful soil parameter, and it represents
the family of geotechnical soil conditions; for example, compressive strength, void
ratio, shear rigidity, and cohesion. Borehole tests and laboratory testing would no
longer be needed if the shear wave velocity and the P-wave velocity are measured as
correctly as possible, right under the foundation level. As a result, the allowable
bearing pressures, the coefficient of sub-grade reaction, and the unit weight are
determined by using relatively simple expressions. The most general form of the
allowable bearing pressure, under the shallow foundations with depth H from the
surface, is assumed to be compatible with the weight of the soil column above the
foundation base, and it thus may be expressed as:

b=y (2.6)

Where; y = unit weight (kN/m3), n = factor of safety, and H= foundation depth.
H may be replaced by the product of Vs = shear wave velocity and the time parameter
(T), as:

H=V.T

This is substituted in equation (2.6) to yield:
_ VT 2.7)

Free-free resonant column test system has several components, containing
pressure cell, pressure system, vacuum system, accelerometers, rotary solenoid,
function generator, and signal analyzer (oscilloscope). The procedure of free-free
resonant column test starts with preparation of the specimen. For undisturbed
specimens of cohesive soils and rocks, they can be placed in the membrane directly.
In addition, for reconstitution specimens of cohesion less soils must be prepared in a

mold and then subjected to pro vacuum during reconstitution and placement in
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pressure cell. After the specimen is prepared and the pressure equilibrium is

established, the test takes approximately one minute for each stress level.

Free-free resonant column test is considered as an alternative for the
traditional fixed-free resonant column. One of the differences between them is that the
coil magnet system used for fixed-free configuration is replaced by an expensive
rotary solenoid that is very small and light, which can facilitate specimen handling
and also reduce specimen damage. One of the most important advantages of the free-
free resonant test is that energy leakage is reduced because the specimen is not fixed
to a pedestal. Moreover, damping ratio may be measured more accurately than under

fixed-free conditions.

Furthermore, seismic techniques can be used to determine the allowable
bearing capacity for shallow foundation in both soils and rocks. Seismic techniques
consists of only two soil parameters, the in situ measured shear wave velocity, and the
unit weight of the soil. Moreover, the unit weight of the soil can also be measured
using another empirical expression which is the P-wave velocity. Shear wave velocity
and the P-wave velocity are measured in situ using an appropriate geophysical survey.
In addition, sub-grade reaction (k) and other elasticity parameters can be measured
also using these seismic techniques. Seismic techniques have several advantages; for

example, saving cost and time.

Once the seismic wave velocities, V, and Vs, are measured by geophysical
means for a particular layer in the field, shear modulus G, oedometric modulus of
elasticity E., modulus of elasticity E (Young’s modulus), bulk modulus (K), and
Poisson’s ratio (v) can be calculated using the following expressions. The shear
modulus G and the oedometric modulus E. are related to the shear and P-wave

velocities by the following expressions, respectively:

(2.8)

E.=pV, (2.9)

Where p = mass density given by p = y/g.
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Extensive bore hole and laboratory testing of soil samples are no longer
needed if the shear wave velocity and P-wave velocity are measured under the
foundation level. After that, the allowable bearing capacity, the coefficient of sub-
grade reaction of the soil (ks), elasticity parameters, as well as the approximate value
of the unit weight using relatively simple empirical expressions are estimated.
Determination of seismic velocities, elasticity modulus, and structural properties of
soils are not sufficient to design engineering projects. Therefore, seismic wave
velocities are used to define the soil pressure. In addition, density relation has been

defined also in terms of seismic velocities.
2.5. Types of failure in sandy soil at ultimate load

Foundation is considered the lowest part of the structure, which transmits the
structure loads to the soil that is underneath them. Foundation types are divided into
two major parts: shallow foundations, and deep foundations (Piles). Figure 4 shows a
shallow foundation with a width of B, located at a depth of D; below the ground
surface, and supported by a sandy layer of soil. If this foundation is subjected to a
load (Q), the load per unit area is calculated as: q = Q/A, where q is the bearing
capacity, and A is the area of the foundation. By increasing the load (Q), settlement
(S) also increases. As the load (q) increases, failure occurs when q is equal to q, as
shown in Figure 4. This is called a general shear failure, where q, is the ultimate

bearing capacity.

According to Vesil [22], natural failure of soils at the maximum loads depends
on several factors; for instance, relative compressibility (density) and strength of the
soil, the depth of the foundation (Ds) compared to the width of the foundation (B), and
the width to length ratio (B/L) of the foundation. This is explained by Vesil [22] who
conducted several laboratory tests on footing over sandy soils. The results of Vesil’s
[22] study are summarized in Figure 5. These include the effect of relative density of
sand (Dr) and foundation depth (Ds) on the soil shear failure under shallow

foundation. In Figure 5:

BL :
R = 26 10) For rectangular footing (2.10)

And
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= For a square foundation (2.11)

S|

—_———
.‘- ——
- =~

(a) General shear failure of soil under shallow foundation

Load per unit area, q
r

Setilement, S

-

(b) Bearing capacity versus vertical settlement of footing (General shear failure)

Load per unit area, q
=

i qH’ q(l

- e - .

Settlement, S

(c) Bearing capacity versus vertical settlement of footing (Local shear failure)

Figure 4: Shear failure in soil, and variation of bearing capacity with foundation
settlement
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Figure 5: Nature of failure in soil with relative density of sand (D,) and Ds /R [22]
2.6. Bearing capacity of shallow foundation

According to Terzaghi [23], the original relationship between bearing capacity

of a shallow foundation (q,) with both (¢) and (y) is as follows:

1
dy =7Dqu+§aBNy (2.12)

Where, Ds = foundation depth below ground surface, B = foundation width, and N
and N, = bearing capacity factors depending on the soil friction angle ¢, and
calculated as:

eZL?ZT—?jtanqﬁ
N q= W (2.13)
2cos © ?

Ve

N =%KW tan%é—% (2.14)
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Krizek [24] gives empirical relations for Terzaghi’s bearing capacity factors
N, Ng, and N, that can relate the bearing capacity with the internal frictional angle of

the soil. They are as follows:

N _ 40+5¢
T 40—¢
__6¢
7T 40— ¢

Thus, substituting the above equations yields to the following Equation (2.15):

q = (228+4.3p)c Io(io; 5¢)q+ 3¢yB (2.15)

Moreover, for foundations that are rectangular or circular in plan, a plane
strain condition in the soil at ultimate load does not exist. Therefore, Terzaghi

suggests the following relationships for circular and square foundations:

For circular footing
q, =1.3cN,+aN,+0.3BN (2.16)
And for square footing

g, =1.3cN, +gN, +0.45BN (2.17)

2.7. Settlement of Shallow foundation

According to Vesil [22], settlement of shallow foundations (S,) depends on
several factors and conducted laboratory tests on foundation at the surface of sandy
soil (i.e. D#/B=0). Results, shown in Figure 6, indicate that the vertical settlement of
foundation decreases as the sand relative density (Dy) increases. In addition, the

foundation dimensions show a significant effect on the foundation settlement.

30



Relative density, D, (%)

a0 20 30 40 50 60 70 80
L T T T T T T
25 -
_______ Rectangular plate
D___ A T T =~~__  (2inx12in)
20k
E Circular plate
i
o 0O ___ -__
10
Circular plate
diameter (in)  >YMPol
8 a
5r 6 n
4 L
2 o]
o 1 | | L 1
85 90 g5

Dry unit weight of sand (Ib/ft’)

Figure 6: Variation of Sy/B for surface foundation (D/B) on sand [22]

In their study, Wicaksono et al. [25] prepared a test apparatus in the laboratory
of the University of Tokyo in order to develop a study of wave measurements. They
conducted two wave measurements methods, Trigger Accelerometer and Bender
Element. Moreover, two types of sand were used, Toyoura Sand and Hime Gravel.
Their goal was to determine the static and dynamic moduli. They also studied the
effect of specimen size on both static and dynamic measurements. The researchers
conclude that the function of Hardin and Richart, which was proposed in 1963, is the
most appropriate among others for their type of sand. Figure 7 illustrates an example
of measuring the time difference that was used later in order to measure the velocity.
Moreover, the following equations show the procedure of measuring the static and

dynamic moduli.

31



171, Toydura sand ) 1
0127 525,250 kPa output signal -
T |

2{],10 4 TA, S-wave
1 Sinusoidal 1.9kHz

¢

30.08

=0.06] input signal ]
g- ] T

3" t,.=0.000265 s ]
=0.02 ! .
3 %I

o T 1

£0.00 ; — |

' .0.0002 0.0000 00002  0.0004
Time (sec)
Figure 7: Evaluation of travel time [25]

yp=2
t

(2.18)

where; d= the effective distance between the two sensors, and t= the time difference

between input and output waves.

Ep, = p.Vp? (2.19)

Gp = p.Vs? (2.20)
— _Ep

Gp = 2(1+v) (2.21)
Es

Gta = 51 (2.22)

Where; Ep= dynamic Young’s modulus, Es= static Young’s modulus, Gp= dynamic

shear modulus, and Gg,= statically measured shear moduli.

In a study conducted to measure the shear wave velocity in a granular soil
using the discrete element method, the researchers [26] confirm that the shear wave
velocity is a function of a number of soil parameters; for example, shape of the
particles, elastic properties, gradation of the soil, void ratio, and boundary stress. They
also state that measuring the effects of these soil parameters is difficult to be

measured using the laboratory output results. Moreover, in order to determine an
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accurate signal travel time, several factors should be taken into consideration; for
instance, cross talk between the source of motion and the receiver, fabrication defects
in the testing devices, system delay, and the electric and environmental noise. The
study shows that the shear wave velocity can be calculated using the following

equation:

Vs=a.(Z )B (2.23)

1kPa

where a, S = fitting parameters, and o’= effective confining stress in kPa.

Amaral et al. [4] conducted a set of laboratory tests in order to measure the
elastic modulus and the damping ratio. Their study results were affected by the
influence of experimental details, the analytical techniques used for data processing,
and geometrical effects. Moreover, specimens used were made of cemented sand
materials. In addition, compressional waves and longitudinal waves were generated
on cylindrical specimens with a high frequency level of 20 to 70 kHz by using a
designed interface. The following equations show the calculations of the

compressional and shear wave velocities:

1 1
Vp = (#g’jm) = (%)2 (2.24)
1 1
o= (i) ©) 029
VL = (g)% (2.26)

Where; p = the material mass density, E= Young’s modulus, M= constrained

modulus, G= shear modulus, and v = Poisson’s ratio.

A study by Zhang et al. [27] conducted at the Pennsylvania State University in
order to study the influence of the sample size in measuring its velocity indicates that
the sample area should be larger than the size of the transducer in order for the plane
wave to hold. Moreover, the researchers confirm that the geometric requirement may
not be easy to realize for some materials. In addition, the study results indicate that
the phase velocity increases when the contact area decreased. The velocity can be

calculated using the following equation:
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v = 42045 (1 + 0.01916¢ 5555 (2.27)

v =4662.5(1 + 0.01352e‘o.4:599) (Longitudinal Wave Velocity) (2.28)
where; r = L/D=W/D.

In the same vein, Heitor et al. [28] conducted a study at the University of
Wollongong, Australia, in order to study the relationship between the shear wave
velocity versus the moisture content and void ratio. A silty sand soil was used in their
study. The study results show that when the moisture content increases, the shear
wave velocity decreases. Similarly, when the void ratio increases the shear wave

velocity decreases. Results of the study are shown in Figures 8 and 9.
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Figure 8: Shear wave velocities versus moisture content [29]
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Figure 9: Shear wave velocities versus void ratio [28]

Another study by Bonner et al. [29] was conducted at the Technical University
of Denmark to study the relationship between shear and compressional wave
velocities with the percentage of clay content mixed with sand. The study shows that
the shear and compressional wave velocities are very sensitive to the amount of clay
added. The researchers conclude that the measured compressional wave velocity of
the sand-clay mixture is not dependent on the clay content; nonetheless, it depends on
the microstructure of the sand-clay mixture. Figure 10 shows the relationship between

compressional velocities versus clay content.
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Figure 10: Velocity versus clay content for dry sand-clay mixtures [29]

A study by Indraratna et al. [30] was conducted at the University of
Wollongong, Australia, in order to study the effect of compaction efforts on
measuring the shear wave velocity of silty sand. The researchers prepared three
samples with different compaction efforts: reduced energy, standard energy, and
enhanced energy. They measured the shear wave velocity of the three samples at
different timings of heating. This was in order to study the relationship between the
shear wave velocity and the moisture content. Their study results are shown in Figure
11.
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Figure 11: Shear wave velocity versus moisture content obtained for different
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Figure 12: Grain size data, sand-gravel mixes [31]

In a study conducted in Buffalo, New York, United States of America, in order
to study the effect of grain size of the soil on measuring the shear wave velocity and
other dynamic and static characteristics, Thevanayagam et al. [31] used a silty soil as
a reference sample, and then they started adding gravel to the original soil. They
prepared four samples of gravel content of 75%, 50%, 25%, and 0%. Figures 12 and

13 show the grain size distributions that used and the final results of the study.
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Chapter 3: Experimental Work
3.1. General

The current research was conducted in the Geotechnical Laboratory of the
College of Engineering at the American University of Sharjah (AUS), United Arab
Emirates. The Laboratory is well-equipped with the test set-up and all necessary
instrumentations needed to perform the research study. The study is composed of 13
small scaled index tests, and two large scale strip footing models. The objective of the
small scale models is to study the variation of the shear wave velocity with different
soil parameters. Soil properties that are of high importance to the wave velocity are
compaction efforts (void ratio, density, prosody), water content, soil grading size, soil
clay content, and the addition of Portland cement. On the other hand, the objective of
the two large scaled strip footing models is to develop a test setup that can measure

the variation of the shear wave velocity with applied pressure on soil.

A preliminary sensitivity study was conducted using a number of index tests in
order to come up with a final test set-up that can be used for all index tests. The main
purpose of the sensitivity analysis, at the early stage of the project, is to choose the
right boundary conditions, right material type, and right dimensions of the test set-up.
Moreover, one large scaled model test was conducted in order to test the response of
geophones, accelerometers, and other instrumentations that are used in this research.

All experimental tests are explained and discussed in details in this chapter.
3.2. Soil Properties

At early stage of this research, the original sand obtained from Ras Al-Khaima
(RAK), UAE, was used as is in the small index test set-up. However, it was found out
that the larger particles of the soil (i.e., particles larger than 2 mm diameter) start to
fall down from the ends of tested molds. In addition, it was difficult to attach
accelerometer plates to the ends of samples constructed with RAK original sand.
Therefore, RAK sand was used after passing from 2 mm sieve size which makes it
remain inside the molds, and the particles of the soil remain in contact to each other.
A number of soil tests were conducted, according to ASTM standards, in the
Geotechnical Laboratory at the AUS to determine the geotechnical properties of the
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sand used. Soil properties tests include sieve analysis, modified proctor test, specific

gravity, and plasticity index test.

Sieve analysis was conducted according to ASTM C 136-14 standards in order
to find out the grain size distribution curve for the sandy soil that was used in all lab
tests. The particle size distribution curve for the backfill sand is shown in Figure 14.
The soil is classified as well-graded sand (SW) with about 4% fines according to the
Unified Soil Classification System (USCS). The value of the coefficient of curvature
(Cc) is 2, and the value of uniformity coefficient (Cu) is 8. Modified sand from
original RAK sand was obtained by passing the sand through 2 mm sieve. The grain
size distribution of this sand is shown in Figure 14. The sand is classified as poorly
graded sand (SP) with about 1% fines according to the Unified Soil Classification
System (USCS). The value of the coefficient of curvature (Cc) is 1, and the value of
uniformity coefficient (Cu) is 4.3.
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Figure 14: gradation for RAK original sand and fine sand passing 2mm sieve

Specific gravity test was conducted according to ASTM D854-14 in order to
find the specific gravity of the sandy soil particles which will be used later in several

calculations, such as void ratio, degree of saturation, porosity, and others. The specific
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gravity of the sandy soil was found to be Gs = 2.71. Detailed results of the specific

gravity tests are shown in Table 1.

Table 1: Backfill soil specific gravity results

Determination No Trial 1 Trial 2
M, (9) 125.61 125.53
Mpwe (9) 621 622.07
Te 24.5 21
Ke 0.9973 | 0.99799
Mpwst (9) 690.7 | 710.04
Tt 24 21
My = My, + (VpxK.) (9) 621 622.07
M;s () 109.75 139.39
Kt 0.99909 | 0.99799
G - Kix Mg 2.73 2.71
s@z0% Mpwt — (Mpwst—Ms)

A modified proctor test was conducted in accordance with ASTM D1557 in
order to determine the maximum dry density (yary-max) @nd the optimum water content
(0.M.C) of the sandy soil. The maximum dry density is be used as a reference for the
compaction stage that is needed to compact the soil used in the steel sand box
(setup_1). Controlling the compaction stage is needed to ensure the repeatability of
the test and to be able to control the unit weight at different tests. It is also expected
that the density acts as a major factor that affects wave velocities and the
electromagnetic wave propagation through the soils. Modified proctor tests were done
at different water content percentages of 2%, 4%, 6%, 8%, and 10%. Figure 15 shows
the maximum dry unit weight and the optimum water content for both RAK original
and modified sand soil. It can be seen that the maximum dry unit weight y4ry-max and
optimum water content O.W.C for Original RAK sand are 17.7 kN/m3 and 6%,
respectively. However, the maximum dry unit weight yry-max and optimum water
content O.W.C for modified RAK sand are 19.9 kN/m3 and 7.6%, respectively. It can
be seen that as the sand becomes finer, the maximum dry unit weight and optimum

water content increase.
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Figure 15: Dry unit weight versus water content (%)

Direct shear test was conducted in order to measure the shear strength
parameters and volume change of sandy soil. For typical sand, shear strength is
controlled by the internal angle of friction (¢), and the volume change is controlled by
the dilation angle (). Surface roughness, gradation, and soil density are considered to
be other soil properties that affect the friction angle and the dilation angle. Results of
direct shear tests are presented in Figure 16. Results indicate that the angle of internal
friction of the RAK original sand used as backfill is ¢ = 49°. The angle of internal
friction is found to be greater than 38°, conforming to the Unified Soil Classification

System about well-graded Sand.
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Figure 17: Liquid limit test for the clay soil

Plasticity index test was conducted in order to find the liquid limit, plastic
limit, and the plasticity index of the clay which is added later to the sandy soil in order
to investigate the effect of clay content percent on the shear wave velocity. The test
results are shown in Figure 17. Results indicate that liquid limit L.L. = 70%, plastic
limit P.L. = 46%, and plasticity index P.l. = 24%.
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3.3. Accelerometers and Pico Scope

The accelerometers used in this study are miniature accelerometers produced
by DYRTAN Instruments, Inc., model 3006A with a 12 g weight each, and 0.5 cm by
0.8 cm diameter and height. The accelerometers have + 50 g acceleration range, and
0.3 Hz to 5 kHz frequency range with a high resonant of 35 kHz. Figure 18 shows two
of these accelerometers imbedded in the sandy soil. A line powered, 4 channel, 2-20
mA adjustable current, BNC connectors, 230VAV external Power supply was used to
excite the accelerometers. The accelerometers output signals have been recorded
using a two-channel Pico Scope produced by Pictech, which was connected to fast
computer through a USP. Figure 19 shows the Pico Scope used in this study.

Figure 18: Accelerometers used in the current investigation
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Figure 19: Pico Scope used for recording accelerometers output signals
3.4. Sensitivity Analysis

A number of index tests have been conducted in order to come up with a final
index test set-up that can be used for all index tests of the soil. A major objective of
the sensitivity analysis is to select the right boundary conditions, and proper
dimensions of the small index test set-up. Table 2 summaries results of the sensitivity
analysis; it indicates the effect of specimen different length, diameter, and different
compaction efforts. Sample 5 has a length of 11.5 cm and a diameter of 4 in, sample 6
has a length of 17.3 cm and a diameter of 4 in (see Figure 20c), and sample 7 has a
length of 12.5 cm and a diameter of 6 in (see Figures 20a and 20b). All samples were
compacted with same compaction effort of 8 blows/layer for 3 layers, and 6% water
content was used for all samples. In addition, one sample was tested without the PVC
mold in an effort to isolate the effect of the mold on the measured shear velocity (see
Figure 20a).
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Table 2: Results of sensitivity analysis

Parameter Sample 5 Sample 6 Sample 7
L (cm) 11.5 17.3 125

D (cm) 10 10 15
Compaction Effort 3 layers /8 blows | 3layers/8 blows | 3layers/8 blows
V; (Large 1) (m/s) 292.6 352 181
V; (Large 2) (m/s) 3115 309.3 189.4
V3 (Small 1) (m/s) 355 1739 244
V4 (Small 2) (m/s) 347 297 245
Fi1 (Large 1) (Hz) 1335 1144 953
F11 (Large 2) (Hz) 1335 1144 1525
F11 (Small 1) (Hz) 1526 763 381
Fi1 (Small 2) (Hz) 381 763 381

A (Large 1) (m) 0.22 0.31 0.19

A (Large 2) (m) 0.23 0.27 0.12

A (Small 1) (m) 0.23 2.28 0.64

A (Small 2) (m) 0.91 0.39 0.64
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(@) Sample with no PVC mold
diameter

c¢) Sample with small diameter and PVVC mold

Figure 20: Compacted sandy soil samples with different dimensions and different
boundary conditions
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Figure 21: Example of generated and received waves at both sides of the soil

specimen

Waves were triggered by lightly hitting one of the accelerometers attached to
the side of the sample (Figure 20b), and hence this accelerometer is denoted as source.
Then, the waves that arrived to the other side of the sample were received and
recorded by a second accelerometer which is called a receiver. Figure 21 shows a
typical example of generated and received waves recorded with the two
accelerometers. Velocity was calculated by dividing length of the specimen by the
time captured with the two accelerometers attached with the specimens at both sides.
F11 is first phase frequency in Hz at 70% of the maximum magnitude, calculated
from the Fast Fourier Transformation (FFT) of the received signals. Parameter A is the

wavelength in meters, which can be calculated using Equation 3.1[32] as follows:

A=— 3.1
f, (3.1)

Knowing the Wavelength (1) is needed in this study to ensure that the
wavelength is less than half of the total sample length. In other words, this will help

ensuring that one full wave or more can travel through the sample length before it is
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received by the accelerometer on the other side (receiver). Moreover, the near field

distance (Length of zone) was calculated using Equation 3.2 [32] as follows:

D2

NF = —
42

(3.2)

Where D is the specimen diameter and A is the wavelength. Near field distance
was measured in order to ensure that it is less than the radius of the specimen. In other
words, to make sure that the waves are not interfering with the PVC cylindrical
boundary of the specimen, the near field value NF should be less than the specimen
radius. An average value of NF for typical specimen with D = 15 cm and wave length
2 = 0.4 m is calculated as NF = 0.024 m, which is much less than the radius of the
specimen (r = 0.075 m).

To increase the contact between the accelerometer base and the sides of the
sand specimen, a steel base plate was attached to each accelerometer base as shown in
Figure 22. Different diameters of the base plate have been investigated to isolate its
effect on the measured wave velocity, and a plate with 5 cm diameter was found to be
suitable for good accelerometer connectivity with minimal effect on the measured
wave velocity. It is found that the circular steel plate should not be very small to

penetrate the soil, and not very large to interfere with the PVC boundary.

Another factor that was investigated during this sensitivity analysis is how the
soil specimens will be positioned during the tests. Different positions have been tried;
for instance, putting the sample free of any connectivity on the disk, as shown in
Figure 5c. Another position was to connect the sample firmly to the disk in an effort

to prevent the free vibration mode, as shown in Figure 23.
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Figure 22: Steel plate attached to accelerometer base “base plate”

Figure 23: Clamping the soil specimen to a rigid table

After the sensitivity analysis, a 6-in diameter sample was selected to be used
in this study. This selection was made according to three main reasons. First, a 6-in
diameter is the standard size for the CBR test and the modified proctor test. Second,
these dimensions (i.e., diameter and length) are in accordance with the wavelength
equation and the near field effect calculated previously. Third, the larger diameter of a
mold reduces the wave reflection from the PVC boundaries to the end of the sample
where the accelerometers are attached. In addition to careful selection of the sample

size, a PVC mold was selected to be the right material for all up-coming tests.

Moreover, accelerometer’s connectivity to the samples is an important factor

on the measured wave velocity. As mentioned earlier, two accelerometers were

50



attached to the sample ends by using a group of rubber bands. Moreover, each
accelerometer was attached to a circular steel plate to ensure that the accelerometers
are well attached to the sample, and axis of motion is well aligned with the axis of the
cylindrical specimen. It is found that the axis of accelerometers cannot be adjusted if
they are attached directly to the specimen without base plates, which works as a base

for the accelerometers to perfectly rest on the sample sides.

Ways of holding the sample are also studied in order to ensure that it doesn’t
affect the results. This impact can be due to the free vibration of the sample while
triggering the source pulses. This free vibration might generate additional noises in
the recorded pulses. Furthermore, the sample was rested on a flexible surface as well
as a rigid surface to check if there is any change in the measured records. The sample
was attached firmly to the rigid surface using steel clips (see Figure 23) in order to
compare the results of all mentioned different conditions. It is found that all
mentioned conditions do not have an impact on the results. The final testing set-up is

shown in Figure 24.

Figure 24: Final set-up for index tests
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3.5. Parameters Studied in Index Tests

According to Marjanovic [33], accelerometers give high noise results
compared to extensometers and ultrasonic P-wave transducers. In this research, for
index tests, two accelerometers were attached to each specimen, as shown earlier, and
were used to record sent and received signals. During preparation stage, a tube of
PVC with 6 in diameter was cut into small tubes of 11.5 cm height at the
manufacturing laboratory. In addition, a number of two accelerometers were used in
the test. One accelerometer was used as a transducer where the waves were formed,
and the other accelerometer was used as a receiver where the waves were collected.
The two sensors were connected to a power supply and, at the same time, to a USB-
PicoScope in order to digitize the data collected from the tests using a computer.
Moreover, two circular steel plates were cut at the manufacturing lab and attached to
the sensors from one side, and they were rested on the specimen from the other side.
In addition, a steel spoon was used to hit the sensor in order to generate the waves at
the sender end. The main objective of the index tests is to measure the variation of
wave velocity with the sample void ratio, degree of saturation, and water content.

A number of 13 samples were prepared and tested at the Geotechnical Lab
using the test setup shown in Figure 24 and described earlier. All the samples were
mixed with 6% by weight initial water content, as evaluated from proctor tests.
Moreover, all the samples were compacted into 5 layers using the modified hummer.
Sample 1 was used as a reference sample, and it was compacted at 5 layers with 56
blows for each layer. This sample was prepared using a RAK soil after passing the 2
mm sieve size. In addition, samples 2, 3, and 4 were formed in order to study the
effect of void ratio using three different compaction efforts of 28, 14, and 7 blows per
layer, respectively, and they were then compared to sample 1 compacted with 56
blows per layer. All these samples were prepared using passing 2 mm sieve soil.
Samples 5, 6, and 7 were prepared to study the effect of soil gradation on wave
velocity. The three samples were compacted at 28 blows per layer and were compared
later to sample 2. Samples 5 and 6 were formed using RAK sandy soil after sieving it
on sieve No0.16 (1.18 mm). Sample 7 was formed using a sandy soil which passed
sieve N0.30 (0.600 mm). Moreover, samples 8, 9, and 10 were prepared in order to

investigate the effect of adding clay to the sandy soil. Three different percentages of
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clay of 10%, 20%, and 30% have been used with samples 8, 9 and 10, respectively.
These samples were prepared using a soil that passed the 2 mm sieve and was mixed
with the clay content by weight. The three samples were compacted at 28 blows per
layer and were compared later to sample 2 (reference sample).

The last three samples, which are samples 11, 12, and 13, were prepared in
order to study the effect of adding a Portland cement on the wave velocity of sandy
soil. Portland cement was added in percentage of 3%, 6%, and 9% of the mass of the
dry soil and mixed before adding water. The three samples were compacted at 28
blows per layer for five layers. These samples were prepared using a soil passing the 2
mm sieve and were compared later with sample 2. All samples with different testing

parameters are summarized in Table 3.

The protocol adopted for testing the first ten samples was the same, and the
wave velocity was measured at six different timings as follows:
1. Measured directly after sample preparation.
2. Measured after oven drying the specimen to lose 50 g of water.
3. Measured after leaving the sample in air to cool down from the first heating.
4. Fourth, fifth, and sixth measurements were after heating the sample in the
oven where the sample’s weight kept decreasing by an increment of

approximately 50 g. By that time, the soil specimen became fully dry.

On the other hand, specimens 11, 12, and 13 were tested daily for four days,
and an additional test was conducted at 7 days of preparation to allow the spacemen to
lose water without heating and to allow the cement to be cured. Examples of fully

dried and tested specimens are shown in Figure 25.
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b) Cemented sandy soil specimens

Figure 25: Example of dried specimen after fully tested

After the specimens were dried and tested, some trials were conducted to
measure the wave velocity in submerged sand. However, once specimens were
immersed in water, they started to dissolve and damaged in less than 5 seconds. These
trials were not completed due to the separation of the accelerometers from the
specimens. Figure 26 shows an example of damaged specimens just after being

soaked in water.
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Figure 26: Dissolved sample after soaking in water

Table 3: Soil samples tested in index test and the parameters changed

Portland
Sample Water Compaction Clay Cement
No. Content (%) | Gradation type offort Content | Content
(%) (%)

1 6 Passing 2mm 56/layer 0 0

2 6 Passing 2mm 28/layer 0 0

3 6 Passing 2mm 14/layer 0 0

4 6 Passing 2mm 7/layer 0 0

5 6 Passing 1.18mm 28/layer 0 0

6 6 Passing 1.18mm 28/layer 0 0

7 6 Passing 0.6mm 28/layer 0 0

8 6 Passing 2mm 28/layer 10 0

9 6 Passing 2mm 28/layer 20 0

10 6 Passing 2mm 28/layer 30 0

11 6 Passing 2mm 28/layer 0 3

12 6 Passing 2mm 28/layer 0 6

13 6 Passing 2mm 28/layer 0 9
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3.6. Scaled Footing Test
3.6.1. General

A large scale test was constructed in the Geotechnical Lab (setup_1), shown in
Figure 27. The setup is composed of steel box with reaction frame, hydraulic actuator,
load sells and LVDT’s, a number four accelerometers, and impact source. In addition,
a data acquisition to connect all these instrumentations is available in the
Geotechnical Lab. The footing was manufactured of steel plates underlined with rigid
wood. This setup was used to measure the shear wave velocity at different footing
stress, and the settlement. The system is instrumented with geophysical equipment
which is a group of geophone receivers and accelerometers. These instrumentations
allowed the measurement of wave velocity during the application of different vertical
stresses at the strip footing.

3.6.2. Sand Box and model instrumentations

The rigid sandbox used in this study has dimensions of 1.15 m high (H), with
1.4 m x 2.7 long and is located in the AUS Geotechnical Lab. The sand box is
attached firmly to the lab floor in order to avoid any box movements. The footing
dimensions are 1.39 m length and 0.15 m width to form a strip footing shape. The
footing was manufactured of wood plat stiffened with a rigid steel beam from the top
and lined with sand glued to the bottom. Two load cells were installed between the
hydraulic actuator and the footing top in order to measure the vertical load transmitted
to the footing (see Figure 28). In addition, three linear voltage displacement
transducers (LVDT) were attached to the fixed reaction beam to measure the vertical
settlement of the footing during subsequent loading stages. Loading was applied in
incremental stages on the top of the strip footing using a displacement control
hydraulic actuator (see Figure 28).

The waves should travel through the soil from right to left, passing first by
accelerometer No.1. Then, the waves propagate towards accelerometers No. 2. The
time lag between the two accelerometers is recorded and, by knowing the distance
between each pair of accelerometers, the wave velocity can be determined. An
example of time lag between accelerometers responses is shown in Figure 29. Finally,

plots of wave velocity versus both footing settlement and soil pressure are generated.
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These plots are used in order to derive the correlation between footing settlement,

bearing capacity, and measured wave velocity.
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Figure 27: Schematic diagram for the large scale test model for strip footing with

geophones and accelerometers

57



Figure 28: Two load cells under the actuator, LVDT’s, strip footing, and reaction

beam
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Figure 29: Example time lag of two accelerometers readings
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Figure 30: Applied vertical stress increment on the top of the strip footing

a) Side impact pulse location
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b) Top impact pulse location

Figure 31: Locations of top and side impact pulse hits

Example of measured footing load versus time is shown in Figure 30. At every
loading increment shown in Figure 30, dynamic waves were generated by impact
pulses at the right hand side of the steel sand box, both at the middle of the box height
(Figure 31a) and at the top of the sand (Figure 31b).

a) Accelerometers and geophones inside the backfill.
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Figure 32: Locations of Accelerometers and geophones inside the sand and at
the backfill surface

As the objective of this research is to measure both soil bearing capacity and
wave velocity at different loading stages, the test setup was equipped with four
accelerometers, 12 geophones receivers, to measure the wave velocity and impact
source to create waves. Geophones and accelerometers are used in this study in order
to compare the accelerometers readings with the geophones readings for verification.
Accelerometers are attached to a thin wooden plate to perfectly rest on the sand and to
easily adjust the axis of motion with direction of generated waves as shown in Figure
32a. However, geophones have their own fixing fork that was attached vertically to
the soil after compaction. Figure 32a shows a number of 4 geophones attached to the
soil at certain depth, together with two accelerometers. Whereas, Figure 32b shows
another 4 geophones inserted at the backfill surface of the model.

A data acquisition was used in this experiment to sample signals of real
physical measurements and then convert them into digital values that can be stored by
a computer and processed later. Data acquisition used in this research is shown in
Figure 33. It should be noted that the geophones have their own acquisition system
and are attached to a separate laptop, and the accelerometers are attached to a number
of two PicoScopes that are attached to a third computer.
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Figure 33: Data acquisition used with load cells and LVDT’s
3.6.3. Model Compaction

To construct the soil-footing system, the backfill soil was placed in 5 thin lifts
of 20 cm each and compacted by a 90 Kg plate vibrator (521mm X 432mm),
producing 6100 vpm and a centrifugal force of 1550 Kg Force. Figure 34 shows the
compactor and the compacted soil layers. After compacting the third layer, the first
four geophones were installed at the pre-specified locations, at depth of 30 cm (d
=2B) below the backfill surface. The horizontal distance between each geophone is 20
cm and was distributed in a way that the two geophones that were in the middle were
exactly aligned under the two sides of the footing. The other two geophones are
located 20 cm from the two middle geophones, one in each side. Two accelerometers
were also embedded exactly next to the two geophones that were in the middle, or that
were at each side of the footing. At a depth of 15 cm from the backfill surface,
another four geophones were installed exactly with the same horizontal locations and
distribution of the first four. In addition, two other accelerometers were embedded
next to the two middle geophones. Figure 32a shows the distribution and locations of
the four geophones, and the associated two accelerometers at depths 30 cm and 15 cm
below backfill surface. At the top of backfill surface, the last four geophones were
installed, two at each side of the footing with 20 cm horizontal distances as shown in
Figure 32b.
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Two different methods have been used to hit the sand box to create dynamic
wave propagation. The first method is to hit the box from the back side on a rigid steel
bar that was attached to the sand inside the box through a drilled hole, Figure 31a. The
second method is by hitting on a circular steel plate that was placed at the surface of
the backfill soil, Figure 31b. The standard hammer associated with the geophones was
used in hitting the model from top and side. This hummer was connected to the
recording station where all geophones were connected to as well. This procedure is
used with all strip footing loading increments.

Figure 34: Soil compaction stages during construction of the model footing
3.6.4. Signal processing and interpretation

For any seismic velocity measurement, two parameters are needed to be
determined: the travel distance and the travel time. Determining the travel time is
considered to be the most complex parameter as the output signals are always
different from the input signals. There are a number of methods for the determination
of the first time arrival, ranging from the visual observation of the wave to deeper

techniques of signal processing tools.

According to Black [34], there is more than one method of picking the first
arrival of generated dynamic waves. Figure 35 shows an example of a transmitted
signal of a bender element test. Visually picking the arrival position is considered to
be the most common method used for the bender element interpretation. This
approach was examined and results show that it works successfully (Viggiani and
Atkinson, 1995; Arulnathan et al., 1998; Lings and Greening, 2001; Clayton et al.,
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2004; Porbaha et al., 2005) [35], [36], [37], [38], and [39].0On the other hand, there
were several difficulties reported for the identification of the first arrival of the
received wave. Figure 35 shows that the first arrival time can be chosen at three
different locations, where the first deflection occurs at (Point 1), and then the signal
starts increasing until it reaches the first inflection at (Point 2) or to the first major
peak at (Point 3).
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Figure 35: transmitted signals from a bender element test [35]
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Figure 36: Time domain interpretation methods [35]

First direct arrival of the output wave is one of the proposed methods. It is
considered to be the simplest method; it depends on user’s visual interpretation. This
method is similar to the one used in geophysical tests in the field (Abbiss, 1981;
Dyvik and Madshus, 1985; Jamiolkowski et al., 1995; Jovicic et al.,, 1996;
Pennington, 1999). However, the main disadvantage of this proposed method is that
different users may choose different arrival points (e.g., points 1, 2, or 3) as shown in
Figure 35.

Another method selects the arrival time at characteristic points, such as peaks,
zero intercepts, and troughs. The travel time is taken as the time difference between
two corresponding points (Points AA’ or points BB’) as shown in Figure 36.
Nonetheless, the disadvantage of this method is that the successive intervals AA” and
BB’ are not identical, and the later intervals tend to be greater than the early intervals,
so the use of this method is not highly recommended for the arrival time

determinations.
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Figure 37: Input, output, and cross-correlation signals [40]

Cross-correlation of input and output signals is also a proposed method for
determining the first arrival time of signals. This method consists of measuring the
degree of correlation of any two signals. However, the major limitation of this method
is that it is difficult to determine the correct peak in the cross correlation signal.
According to Mohsin and Airey [40], the cross correlation of single frequency pulse
(input wave) with the response of it produce a peak at a time shift, where that time
shift is taken as the travel time between the two signals. Figure 37 shows an example

of the cross-correlation technique.

In this research, for the large scaled test, a different method is used in order to
pick the first arrival time of the transmitted waves. The used method consists of
drawing a tangential line to the first deflection of the signal, and making that
tangential line intersects with the x-axis at y=0. The first arrival time was taken
exactly at the intersection point between the tangential line, and the x-axis. Figures 38
and 39 show an example of picking the first arrival times for both accelerometers and
for the all geophones as well.
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Figure 38: Determination of the accelerometers first arrival times
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Figure 39: Determination of geophones first arrival times
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Chapter 4: Results and Discussion
4.1. General

This chapter presents results of the experimental program conducted during
this study. First, index test results that are performed to study effect of different soil
parameters on the wave velocity are introduced. Effect of degree of compaction,
which is reflected on void ratio on each soil specimen, is presented. Second, different
soil gradation, starting with the original RAK soil, moving to soils passing 2 mm and
1.18 mm sieves, and ending by fine soil that is passing 0.6 mm sieve are explained
and discussed. Then, the effect of clay content on the measured wave velocity is
investigated and presented. Finally, the effect of cement inclusion with the original

RAK soil passed by 2 mm sieve is explained and presented.

The second part of this chapter presents results from the large scale footing
test. First, variation of wave velocity profile under the strip footing is presented at
different applied vertical stresses. After that, wave velocity from both geophones and
accelerometers is compared and presented as a relationship of footing applied stresses.
Finally, relationship between applied vertical stress at the footing and measured
velocity at different locations around the footing is discussed.

4.2. Index Tests Results

The arrival times of compression waves (P-waves) are estimated as the first
deflection of the signals on time domain. Figures 40 and 41 show typical compression
wave form obtained in this study. The travel time is obtained by considering the time
lag between the taking-off of the input signal and the taking-off of the output signal
(4T). In case of sinusoidal excitation, Jovicic et al. [41] suggest that the rising-to-
rising travel time is defined as the time increment between the takeoff of input signal
to the first zero crossing point on the time domain of the output signal. The criteria
employed to determine the travel times based on rise to rise of signals is used also by
Suwal and Kuwano [42]. Another method to estimate the travel time is to consider the
peak-to-peak time lag, which is the time difference between the peak of the input
signal and the peak of the output signal, which are clearly defined in Figure 41. It
could be seen from Figure 41 that there is 8% difference between the two methods in

determining the arrival time. However, this difference consistently occurs for all
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tested samples. Therefore, for parametric comparison, this difference is eliminated
and has no effect on the resulted wave velocity of all soil samples. In this study, the
travel time is determined as the time difference between the arrival times of both input

and output signals.
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Figure 40: Using the first arrival for estimating the travel time
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Figure 41: Using peak-to-peak, and first arrival for estimating the travel time
4.2.1. Effect of degree of compaction and void ratio

As mentioned in Chapter 3, samples 1, 2, 3, and 4 were prepared of the same
soil (i.e., soil passing 2 mm sieve size) and compacted at the same initial water
content which is w = 6%. The main difference between the four samples is the
compaction efforts used during compaction, which are 56, 28, 14, and 7 blow/layer
for samples 1, 2, 3, and 4, respectively. Different compaction effort is expected to
produce soil with different void ratio, different degree of saturation, and different
water content percent. Variations of P-wave velocity with water content percent,
degree of saturations, and void ratio are shown in Figures 42, 43, and 44, respectively.
Figures 42 and 43 indicate that the P-wave velocity decreases as the soil water content
and degree of saturation increases, regardless of the degree of compaction or the
compaction effort used. It is well understood that the existence of water might
increase the wave velocity, provided that the soil is fully saturated. In the current
cases, the maximum degree of saturation is 60%, attained by soil specimen 2 in Figure
43, which is far below the 100% saturation. Even though the P-wave velocity at this
high degree of saturation starts to pick up again towards an increasing trend, some

other specimens start the trend of velocity increase at early values of degree of
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saturation; for example, 22%, as shown by specimens 3 and 4 in Figure 43. These
values of degree of saturation where the velocity started to increase are called
threshold values. It could be concluded that the P-wave velocity decreases with
increasing water content up to water content range of 3.75% to 4.5 % (see Figure 42).
Once the water content value increases beyond this range, the wave velocity starts to
increase. In addition, a P-wave velocity decrease with the degree of saturation is up to
threshold values degree of saturation (Sry). Figure 42 indicates that the threshold
degree of saturation increases with the compaction effort.

Both Figures 42 and 43 indicate that compaction effort (i.e., degree of
compaction) highly affects the measured P-wave velocity. At the same water content
or same degree of saturation, the soil with high compaction effort shows high values
of wave velocity compared to the soil with low compaction effort. For example,
Figure 43 indicates that, at degree of saturation S = 20%, Vp = 361, 275, 135 m/s for
soil compacted with 56, 28, and 14 blow/layer, respectively. This result is clarified in
Figure 44, which relates the wave velocity to the soil void ratio with variable water
content. Soil void ratio decreases as the compaction effort increases, and hence the
soil wave velocity increases. Finally, it can be concluded from Figure 44 that the
wave velocity increases with water content decrease, as previously shown in Figures
42 and 43.
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Figure 42: variation of P-wave velocity with water content, at different compaction
effort
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Figure 43: variation of P-wave velocity with degree of saturation, at different
compaction effort
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Figure 44: variation of P-wave velocity with void ratio, at different compaction water
content

4.2.2. Effect of soil grain size distribution (soil gradation)

Soil gradation is expected to affect wave velocity, provided that all other
factors kept similar. Three different soil gradations have been developed from the
original RAK soil, as shown in Figure 14. These soil types have been created by
passing the original RAK soil through different sieve sizes. Soil_1 passes 2 mm sieve
size, soil_2 passes 1.18 mm sieve size, and soil_3 passes 0.6 mm sieve size. Figures
45 and 46 show respectively effects of water content percent, and degree of saturation
on the measured P-wave velocity of 3 soil types. Figure 45 indicates that the wave
velocity decreases with the increase in water content up to the range of 3.6% to 4.5%.
When the water content of the soil specimen increases beyond this range, the wave
velocity starts to increase. This result confirms the previous results presented in
Section 4.2.1 about the variation of wave velocity with the water content. However,

the effect of the soil gradation is not significantly clear in Figure 42.

Results in Figure 46 clearly show that the wave velocity of the soil decreases
with the increase of the degree of saturation, up to threshold value of degree of

saturation, Sty. Once the degree of saturation of the soil specimen exceeds the
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threshold value, wave velocity starts to increase accordingly. Figure 46 confirms that
values of threshold degree of saturation significantly depend on the grain size
distribution of the soil. As the grain size distribution of the soil becomes finer, the
value of threshold degree of saturation increases. It can be seen from Figure 46 that
the values of threshold degree of saturations are: Sty.7 = 59% (finer soil), Sty.s = 30%,

and Stp.3 = 22% (coarser soil).

Figure 47 compares wave velocity for soil specimens 3, 5, and 7 at selected
degrees of saturation. It can be noticed that the soil with coarse grain size distribution
(i.e., specimen 3) indicates larger void ratio, “e”, while the soil with fine grain size
distribution (i.e., specimen 7) indicates smaller void ratio “e”. At all selected values of
degree of saturation, the soil specimen with lower void ratio “e” shows larger P-wave
velocity compared to the other specimens with lower void ratio “e”. In addition,
results in Figure 47 confirm that the wave velocity decreases as the degree of

saturation of the soil increases.
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Figure 45: Variation of P-wave velocity with soil water content, for different soil
types
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Figure 46: Variation of P-wave velocity with soil degree of saturation, for different
soil types
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Figure 47: Comparison of P-wave velocity for soil types, at different soil degree of
saturation

It can be seen that the effect of compaction effort on the measured shear wave
velocity presented in Sections 4.2.1 is approximately similar to the effect of soil grain
size distribution presented in Section 4.2.2. Moreover, the variation of the wave
velocity with water content and degree of saturation is approximately similar for
different compaction effort and different gradations. This is expected as the

compaction effort and grain size distribution affect void ratio in a similar way.
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4.2.3. Effect of clay content

Soil specimens 8, 9, and 10 were prepared with clay content of 10%, 20%, and
30%, respectively, in an effort to study the effect of clay content on sand wave
velocity. All soil specimens were compacted with the same compaction effort, and at
the same initial water content percent. Variations of P-wave velocity versus water
content and degree of saturation for sandy soil contaminated with different clay
content percent are shown in Figures 48 and 49. It can be seen that, for soil with zero
clay content, the wave velocity significantly decreases with the increase in water
content and degree of saturation up to water content of w, = 3.7%, Figure 48, and
increases thereafter. It should be noticed that at this water content percent, the degree
of saturation is S = 41% (Figure 49). Once the clay content increases to 10%, the
wave velocity decreases slightly with the increase in water content and degree of
saturation up to w, = 5.6%, as shown in Figure 48, and decreases significantly
thereafter. At water content w. = 5.6%, Figure 49 indicates that the degree of
saturation is S = 50.7%, as shown in Figure 49. For specimen with clay content equal
to 20%, wave velocity doesn’t show any change with water content nor with degree of
saturation up to w, = 6.1%, Figure 48 (which corresponding to S = 56%, Figure 49)
and considerably decreases thereafter. When the clay content in the specimen
increases to 30%, the variation of wave velocity with water content and degree of
saturation takes a trend of increase, instead of decrease it shows with lower clay
content. For this clay content (i.e., clay content= 30%), wave velocity increases with
water content and degree of saturation up to w, = 6.7%, Figure 48 (S = 53.3%, Figure
49). The water content threshold values and the acceleration threshold values, where
the trends of variation change its direction from increasing to decreasing and vice
versa, are shown to increase with the clay content. Finally, it could be noticed that the
trend of wave velocity variation with the increase in water content change gradually
from a significant decrease to a slight increase, passing through a slight decrease and
a non-change trend.
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Figure 48: Variation of P-wave velocity with soil water content, at different clay
contents

The effect of clay content on the P-wave velocity at different drying stages is
shown in Figure 50. It is clear from the figure that, with the exception of the
measurement directly after compaction, all other measurements indicate that the wave
velocity increases as the clay contents increase up to 10%. Once the clay contents
increases beyond 10%, the wave velocity started to decrease. The only exception of
this is the measurement of wave velocity directly after specimen compaction, which
indicates an increase of the wave velocity with clay content at all percentages of the
clay. It can also been seen from Figure 50 that the water content affects the wave
velocity at different clay contents, and as the water content increases, the wave
velocity decreases at most values of clay contents. It is worth noting that the void ratio
of sample 2 (pure sandy soil) is e = 0.37 while samples 8 and 9 with 10% and 20%
clay contents respectively have void ratio of e = 0.29. Moreover, sample 10 with 30%
clay content has a void ratio e = 0.32. Therefore, the three samples with clay contents
show very close values of void ratio, which eliminates the void ratio as an effective
parameter in this case. In conclusion, the variation of the P-wave velocity is not only
dependent on the individual values clay content percent, but also on the water content

at this clay content.
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Figure 49: Variation of P-wave velocity with soil degree of saturation, at different
clay contents
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Figure 50: Variation of P-wave velocity with soil clay contents, at different degree of
dryness

4.2.4. Effect of portland cement content

Samples 11, 12, and 13 were prepared and tested in order to study the effect of
cementitious materials, such as Portland cement, on wave velocity of cemented sand.
Figure 51 shows the effect of the percent Portland cement content on the wave

velocity at different curing days. These results indicate clearly that the wave velocity
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increases as the cement content increases, especially if the specimen is tested after
longer time after preparation and compaction. If the cemented specimen is tested
directly after compaction, it shows negligible effect of the cement content on the wave
velocity. This is expected because, at this time (i.e. minutes after compaction); the
cement does not cure yet and does not provide the adhesion effect to the sand
particles. The most increase in wave velocity is measured after first and second days
of specimen compaction. This is because the hydration of the cement grains occurs
mostly during these two days. On the third day after specimen preparation and
compaction, the rate of hydration slows down and the gain in specimen
strength/stiffness becomes less. Therefore, a slight increase in the wave velocity
occurs at the third day, and surprisingly, a decrease in the wave velocity occurs on the
seventh day. Finally, the rate of increase of wave velocity with cement content
percent approaches the highest on the second day of specimen compaction; this is

attributed to the same reason stated earlier.

The behavior explained in the previous paragraph can be clearly seen in Figure
52, which relates wave velocity with curing time in days at different cement content
percent. It can be seen that the wave velocity increases almost linearly with time in
days up to the second day of sample compaction. Then, the rate of increase (i.e., slope
of the line) starts to decrease up to the third day, and then a slight decrease is noticed
in the velocity after a week of sample preparation. It is clear that the specimen attains
its maximum wave velocity and stiffness after three days of compaction. On this day,
the wave velocity and the soil stiffness become almost 4 times of their values of pure
sand soil, at 3% cement content. As the cement content percent increases, the wave
velocity and soil stiffness gain increase, but not equivalent to the cement content
increase which; for example, doubled from 3% to 6%. Zooming on day 3 of sample
compaction, it can be realized that adding 3% of Portland cement increases the wave
velocity from 200 m/s to 1000 m/s; whereas, adding 9% of the same cement increases
the wave velocity from 200 m/s to 1300 m/s. Therefore, the addition of 6% cement to
the first 3% does not improve the soil stiffness significantly as the first 3% cement.
Finally, the trend of wave velocity variation with time is almost similar for the three

different cement contents used in this study.

Figure 53 shows the variation of the wave velocity with water content percent

at different cement contents. In fact, the change in water content indicated in the
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figure is not due to drying as in cases of un-cemented specimens before. Instead, this
change in water content is due to cement hydration with time. It is well-know that, as
the cement content increases, the water required for cement hydration increases as
well. This could explain the difference in the specimens initial water contents, W¢.3y =
2.45%, Wc.e9 = 1.55%, and wc.gy, = 0.95% despite the fact that all specimens were
mixed with the same 6% water content during specimens preparations. These water
contents were measured after one hour of sample compaction, where the first setting
time of cement occurred and consumed the majority of the 6% water content during
hydration. It could be seen that, after 7 days of curing, each cemented soil specimen
preserves a certain amount of water content which could not be lost by natural dying
in the air. This preserved water content has slight effect on the wave velocity of the

cemented sand.
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Figure 51: Variation of P-wave velocity with soil cement contents, at time of curing
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Figure 52: Variation of P-wave velocity with soil cement contents, at time of curing
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4.3. Strip Footing Test
4.3.1. General

As stated in Chapter 3, the second phase of this research program is to
construct a one-third scale model strip footing test. The main objective of the scaled
model test is to measure the variation of wave velocity with the applied load capacity
through different locations in the backfill around and below the strip footing. To
achieve this objective, a strip footing with specific dimensions is constructed inside
the sand box described in Chapter 3. The model was equipped with 12 geophones and
4 accelerometers, distributed as shown in Figure 54. All geophones are 20 cm apart
from each other in the horizontal direction and 15 cm in the vertical direction. Figure
54 shows the right side view of the sand box where geophones 1, 5, and 9 are the
closest to the location of both hits (side and top). This section presents the effect of
footing vertical stresses on the measured wave velocity on the soil backfill underneath

the footing.

@ Geophone
® Accelerometers

Figure 54: Distribution of geophones and accelerometers on the scaled model strip
footing
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4.3.2. Wave velocity at different vertical stresses

Figure 55 shows histograms of measured wave velocity at different locations,
under and around the footing, calculated using the first arrivals of each two adjacent
geophones. The wave velocity histograms presented in Figure 55 are for different
vertical stress increments applied at the top of the strip footing. The green colored
columns represent wave velocity at the backfill surface, the blue colored columns
represent wave velocity at depth of 30 cm from the backfill surface, and the brown
colored columns represent wave velocity at 15 cm from the backfill surface. The
middle green column represents the wave velocity measured directly under the strip
footing. It is clear from Figure 55a that the wave velocity measured at the backfill
surface at zero footing stress is lesser than the wave velocity at other depths. As the
depth below the footing increases, the measured wave velocity increases. Once the
first stress increment on the strip footing is applied, the stress measured at the backfill
surface increases and becomes larger than the other values of wave velocities
measured at other depths (see Figure 55b). The trend of increasing wave velocity at
the backfill surface compared to wave velocity at other depths is repeated with all
stress increments at Figure 55. In addition, the measured velocities at all depths
increase with increasing the applied vertical stress at the top of the strip footing.
Finally, the largest values of wave velocity are measured at a vertical applied stress
oV = 771 kPa (see Figure 55h).

Figure 55 displays snap shots of the wave velocity at different locations, and at
selected values of vertical stresses applied on the strip footing. However, Figure 56
presents variation of the wave velocities with the applied vertical stresses by strip
footing, measured at different locations. Locations of the measured velocities V; to Vg
are indicated in Figure 54. Figure 56 shows the measurement of velocity due to two
impulses, one from the back of the box, and the other from the top of the back fill, as
explained in Chapter 3. It can be seen from Figure 56 that the velocity calculated
using side and top hits (Vs and Vy) are in close agreement at all locations (i.e., V; to
V), and at all applied vertical stress increments. Slight disagreements between the
velocities measured from the side hits and those measured from the top hits occur at
some applied stress increments. For example, for velocity Vi, Figure 56a shows some

discrepancies at vertical stresses ov = 200 kPa, and 800 kPa. For velocity V3, Figure
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56¢ shows slight disagreement that occurs at vertical stress ov = 675 kPa, and similar
disagreement that occurs for velocity V, at vertical stress ov = 350 kPa. For velocity
V7, Figure 569 indicates significant discrepancies that occur at almost all applied

vertical stresses. Finally, for velocity Vs, Figure 561 shows discrepancies that occur at

vertical stresses ov = 300 kPa and 800 kPa.
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Figure 55: Variation of wave velocity at different locations under strip footing at

different vertical stresses

To eliminate the difference in velocity between side and top hits, an average
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wave velocities measured at all locations under the strip footing increase with the
applied vertical stresses. The initial average wave velocity for unloaded backfill soil is
measured to be 275 m/s before it reduced to an average velocity of 210 m/s with first
seating stress which is equal to 10.5 kPa. The only exception of that are velocities V,
and V3 which reduced to 140 m/s at the seating stress, and Vs which reduced to 90 m/s
at the seating stress. After this reduction of the wave velocity under seating stress, all
velocities start to pick up and increase under subsequent stresses. However, velocities
at different locations increase with different values at the same vertical stress value. A
comparison between individual velocities variations with applied vertical stress can be

seen in Figure 56.

Figure 57 shows a comparison between velocities measured with geophones
and accelerometers at two different locations, V, and Vs. Vs is the velocity measured
directly under the footing at depth equal to B, and V;, is the velocity measured at depth
equal to 2B under the footing. An example of accelerometer readings used to calculate
V, and Vs is shown in Figure 58. The time difference between the sender
accelerometer and the receiver accelerometer is clear from the figure. This time
difference is used together with the horizontal distance between the two
accelerometers to calculate the wave velocity. De-amplification of the response is also
clear between the input and output responses in Figure 58. This de-amplification is
expected to be due to soil damping. Back to Figure 57, it can be noticed that the P-
wave velocities V, and Vs measured using accelerometers are relatively larger
compared to the same velocities measured using geophones. In addition, the velocities
measured using accelerometers are more scattered than those measured using
geophones. However, the average of the velocity of the accelerometers using top and
side hits, Vacc rand Vacc s, respectively, eliminates some of these scatterings, which is

shown by Ve av in Figure 57.
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Figure 56: Variation of wave velocity with vertical stresses at different locations under strip footing
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The values Vaaygaiy and Vsayany shown in Figure 57 are used in all calculations

presented in next sections to represent V, and Vs.

To engage all geophones in different arrangement and different combinations,
wave velocities have been calculated using mixed combinations of geophones. Instead
of using each two adjacent geophones with a horizontal distance x = 20 cm (e.g.,
geophones at nodes 1 and 2, 3 and 4, etc.), geophones with larger horizontal distances
of x = 40 (e.g., geophones at nodes 1 and 3, 2 and 4, etc.), and cm and x = 60 cm (e.g.,
geophones at nodes 1 and 4, 5 and 8, etc.) are used as pairs to calculate values of
wave velocity. This gives a better representative of the velocities by covering larger
distances that the velocities propagate through. Locations of different nodes where
geophones are inserted are shown in Figure 59. Results of this process are shown in
Figures 60 to 62 in a version of the variation of wave velocities at different locations
versus applied vertical stresses. It is clear that the wave velocity increases with the
applied vertical stresses. This is true at all locations under the strip footing; however,
different increase occurs at different locations. It could be noticed that the velocities
measured at the right side of the footing (Ve.11, Vs7, and Vi.3) are larger than the
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velocities measured at left side of the footing (V10-12, Ve.s, and Va.4). This is except for
the velocity measured at the top backfill surface where the velocity measured at the
right side of the footing, V.11, is slightly lower than that measured at the left side, V1.
12. For the velocity measured using the larger distance x = 60 cm (Vg.11, Vs.g and Vi.4),
Figures 60 to 62 indicate that these velocities are the largest among other velocities
measured at the same depth, except for velocity Vs.g calculated at depth d = B from

the top surface, which is not the largest at the same depth.

Figure 59: Locations of different nodes where geophones are inserted
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Figure 60: Variation of wave velocity at different top surface locations with vertical
stresses
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Figure 61: Variation of wave velocity at different locations of depth d = B from the
surface with vertical stresses
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Figure 62: Variation of wave velocity at different locations of depth d = 2B from the
surface with vertical stresses

4.3.3. Average velocities

The short distances localized velocities calculated using geophones at

horizontal distances of x = 20 cm (presented in Figure 56), and the velocities
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calculated using long horizontal distances x = 40 cm and 60 cm (presented in Figures
60-62) are used to calculate average velocities at different locations. For example, the
final velocity Vi is calculated using Equation (4.1), and the final velocity V; is
calculated using Equation (4.2). Definitions of all velocities that appear in these two
equations can be found on Figure 56, and Figures 60-62. In addition, the symmetrical
conditions, both geometrical and loading, in Figure 59 are considered by assuming
that the velocities V1 = V3, V4 = Vg, and V7 = V. This approximation and assumption
reduces the number of velocities that can be used in the result analysis and
interpretations. In addition, it eliminates the effect of the left side of the steel box

which is closer to the location of the footing compared to the right side.
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Figure 63: Variation of wave velocity a depths d = 0, B, and 2B from the backfill
surface with vertical stresses

Similar expressions have been used to calculate the final velocity values for
V4-Vy. These mathematical calculations used for different wave velocities result in a
relatively smooth trend of velocity variation with the applied vertical stresses on the

strip footing. In addition, they engage several geophones in the calculation of each
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velocity instead of just 2 local geophones. Results of these calculation processes are
shown in Figure 63 as a variation of the final velocities V;-Vg versus vertical stresses
applied on the strip footing. It can be seen from Figure 63 that all velocities increase
with the increase in the vertical stress. In addition, the variation of the wave velocity
with vertical stress is slightly non-linear for all locations. It could be seen that the
initial velocities at different locations are V,= 240, 186 and 158 m/s for d = 0, B, and
2B, respectively. In addition, the increase in the velocity due to the applied vertical
stress is larger for the location d = 0 compared to the other locations d = B and 2B. In
this regard, the velocity measured at location d = 0 is Vg=0 = 396 m/s at vertical stress
ov= 770 kN/m? while the velocity Vy=s = 210 m/s at the same applied vertical stress
of oy = 770 kN/m?. Therefore, for the same increase of applied vertical stress Aoy =
770 kN/m?, the velocity under the footing increases with AV = 156 and 52 m/s at
locations d = 0 (directly under the footing) and 2B, respectively. The nonlinear and
linear relationships that relate velocity change A4V (i.e., velocity increase above V,) at
different locations with the applied vertical stress oy, are given by the following

relationships:

AV,,, =0.280, —0.00015;  (R®=0.955) (4.3.9)
AV,,=0.190, (R*=0.939) (4.3.b)
AV, , =0.21c, —0.000157 (R?=0.958) (4.4.3)
AV, _, =0.120, (R*=0.921) (4.4.b)
AV,_,s =0.1155, —0.000065°  (R? = 0.955) (4.5.a)
AV,_,, =0.0660, (R*=0.931) (4.5.b)

In the above set of equations, AViyp, AV4=g, and AVy=og are velocity increases
calculated at d = 0, B, and 2B, respectively, and o, is the vertical stress applied at the
top of the ground surface using a strip footing shape with width B. It can be seen from
the correlation coefficient R? associated to each equation that the nonlinear equations
are better fit of the measured data compared to the linear equations. However, the
improvement in the correlation coefficient is not significant if the nonlinear relations

are used instead of linear relations.
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Based on the results presented in Figure 63, the percentage increase in the
wave velocity (4V/Vo) due to the application of the strip footing vertical stress is
calculated and presented in Figure 64 at d =0, B, and 2B. As expected, the percentage
increase in the wave velocity (A4V/Vo) increases as the vertical stresses applied on the
strip footing increase. The variation of the percentage increase in the wave velocity is
nonlinear with the applied vertical stress. In addition, the percentage increase in the
wave velocity is smaller as the depth below the strip footing becomes larger. Three
nonlinear relationships are derived to relate the percentage changes in wave velocity
(4aVIVo) with the variation of cv. Equation (4.6) represents the bottom boundary of
the measured data at depth d = 2B while Equation (4.8) represents the upper boundary
of the measured data at depth d = 0.0. Equation (4.7) is derived based on the other
two equations to represent the average response of the wave velocity change (4V/Vo)
with the variation of ov. The three equations are formulated based on regression

analysis and take the following forms:

AV

v - 0.07930, —5x107°c7 ..... (R?=0.97) (4.6)
?/—V =0.0881c, —6x10*57..... (R* = 0.94) (4.7)
?/_V =0.130, —7x10°c7 ..... (R* = 0.93) (4.8)

(o]

The variation of the change in wave velocity could be interpreted in the form
of the stress variation calculated under strip footing using the principles of the theory
of elasticity. Equation (4.9) is used to calculate the vertical stress oy.4 at a point
located at depth d caused by a strip footing, applying a vertical stress oy at the
foundation level (i.e., at d = 0) as follows:

Bd xz—dz—(BzJ
G d | d | 4

O

(4.9)
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Figure 64: Variation of percentage increase in wave velocity a depths d = 0, B, and 2B
from the backfill surface with vertical stresses
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Figure 65: Variation of stress calculated using Equation (4.9) at different locations
with the applied vertical stresses

Where d is the depth below the footing bottom surface (foundation level), B is
the width of the strip footing, and x is the horizontal distance between the point and
the centerline of the footing. Results of the application of Equation (4.9) at points O,
A, B, C, and D that are located at different depths are shown in Figure 65. These
points are chosen as representatives of the wave velocitiesVs, Vs, Vo, Vi, and Vg,

respectively. It can be seen that stresses decrease as the depth (d) below the footing
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increases. In addition, as the point move further from the strip footing centerline in the
horizontal direction, the vertical stress at the point decreases. It could be seen that
stresses calculated at points C and D are nearly equal in magnitude despite the
difference in x and d for both points. This could be attributed to the location of the
two points at the same stress isobar (i.e., stress contour line). It can be seen that the
wave velocity changes (4V/V,) with the applied vertical stress oy, shown in Figure 64,
following the variation of the vertical stresses calculated at different depth. In other
words, the change in wave velocity (4V/V,) at d = 0 is the largest as the calculated
vertical stress is the largest. Similarly, the change in velocity at d = 2B is the smallest
as the calculated vertical stress is the smallest. The only exception is the nonlinear
trend of the variation of wave velocity with calculated stress, which is different from
the linear trend in case of calculated vertical stress. It can be concluded that the
velocity variation with the applied stress on the strip footing is similar to the vertical

stress variation calculated at different depths.

To eliminate the depth effect on wave velocity and stress changes, normalized
velocity ratio and stress ratio are calculated and plotted in Figure 66. The applied
vertical stress oV at the level of foundation can be calculated using Equation (4.10)
together with the wave velocity measured at the foundation level V4= and at any
depth d, Vq4. The vertical stress at the depth d below the foundation level ov(g) can be
related to the applied vertical stress ov through Equation (4.9) presented in the

previous paragraph.

Vi=o

1.7
9 _0.18e [Vd ] .....(R2=0.996) (4.10)

O ()

Equation (4.10) can be used to calculate the stress applied at any level with the
velocity ratio at two different depths. This can be done by measuring the velocity
profile with depth, using geophones, and calculating the stress profile with depth

using Equation (4.9).
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Equation (4.10) could be reformatted in different way to be used to calculate
the variation of normalized P-wave velocity under the strip footing (Vg=o/Vy) at
different applied vertical stress oy, as shown in Equation (4.11). Vertical stress at

depth d in Equation (4.11) could be calculated using Equation (4.9).
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Chapter 5: Conclusion and Recommendations
5.1 Conclusion

In this study, a number of twenty index tests have been conducted in the
Geotechnical Engineering Lab at the AUS. Index tests were performed in order to
study the effect of different soil parameters on the soil wave velocity. The effect of
degree of compaction which is reflected on the void ratio of each soil specimen is
investigated. The current research uses different soil gradation, starting with original
RAK sandy soil which is passing No. 4 sieve, moving to modified RAK soil passing 2
mm and 1.18 mm sieves, and ending with fine RAK sandy soil that is passing 0.6 mm
sieve. In addition, the effect of clay content on the measured wave velocity is
explored and presented. Finally, the effect of cement inclusion with the modified
original RAK soil passed by 2 mm sieve is presented and explained. In addition to all
these soil parameters, different water contents and degrees of saturation were used to
highlight the effect of water on the measured wave velocity. Based on the results of

these index tests, the following important outcomes are worth noting:

1. Generally, the P-wave velocity decreases with increasing water and degree of
saturation up to threshold values; whereas, the wave velocity shows no change.
The water content threshold value ranges between 3.75% to 4.5%, and the degree
of saturation threshold values start at 20% for lightly compacted specimen to 50%
for heavily compacted specimen.

2. Void ratio of the soil specimens decreases as the compaction effort increases, and
thus the soil wave velocity increases.

3. P-wave velocity increases as the soil gradation becomes finer, or when the soil
fine content percent increases. This is usually accompanied by a reduction in the
soil void ratio.

4. Regardless of the soil gradation, the wave velocity decreases with the water
content and degree of saturation percent, up to threshold values, where the
velocity starts to show slight increase. Value of saturation threshold increases as
the soil fine content percent increases, or as the soil grading curve moves towards

the finer side of the grain size distribution.
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5. The effect of compaction effort on wave velocity is similar to the effect of fine
contents, as both lead to a change in void ratio and hence a change in wave
velocity.

6. The contamination of sand with clay contents significantly increases the P-wave
velocity up to 10% clay content. This conclusion is true for degree of saturation
less than 30%. Once the clay content increases beyond 10% and/or the degree of
saturation increases beyond 30%, wave velocity starts to decrease. In conclusion,
the effect of the clay content on the wave velocity also depends on the water
content and degree of saturation.

7. Values of threshold degree of saturation, where the wave velocity starts to
decrease/increase with clay content, increases as the clay content increases.

8. Wave velocity increases as the cement content increases, and the largest wave
velocity was recorded after 3 days of curing time regardless of the cement content
percent. It is worth noting that more curing time beyond 3 days does not improve
the wave velocity further.

9. Cement content of 3% is found to be significantly effective in increasing the wave
velocity of sand; however, increasing the cement content beyond this percentage

doesn’t improve the wave velocity equivalently.

This research also presents results from the large scale strip footing test. First,
variation of wave velocity profile under the strip footing is presented at different
applied vertical stresses. Then, wave velocity from both geophones and
accelerometers is compared and presented as a relationship of footing applied stresses.
Finally, the relationship between applied vertical stress at the footing and measured
velocity at different locations around the footing is discussed. The following

outcomes from the strip footing test are highlighted:

1. The measured wave velocity at all depths below the strip footing increases with
increasing the applied vertical stress at the top of the strip footing.

2. Slight disagreements between the velocities measured from the side hits and that
measured from the top hits occur at some applied stress increments, and an
average value is advised to be used to estimate the final velocity at each location.

3. The P-wave velocities measured using accelerometers are relatively larger than

the same velocities measured using geophones at the same location. In addition,
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the velocities measured using accelerometers are more scattered than that
measured using geophones.

4. Engaging all geophones in different arrangement and combination, regarding the
distances, to calculate wave velocity through soil gives better representation of the
velocities due to covering larger distances that the velocities propagate through.

5. The P-wave velocity measured directly under the footing represents the largest
value, and then the velocity decreases with the depth under the footing. In
addition, the velocity nonlinearly changes with the applied vertical stress.

6. Nonlinear relationships have been developed to calculate the increase in the P-
wave velocity due to strip footing applied stress. This increase can be used with
V,, that can be measured using any suitable method, to estimate the change in soil
modulus at different depths below the footing.

7. A nonlinear logarithmic relationship is developed to relate the normalized vertical
stress applied at the strip footing to the normalized velocity measured under the

strip footing.
5.2 Recommendations for Future Research

Based on the results and conclusion discussed in this research, the following

recommendations are suggested for future work:

1. Other percentages of water contents could be investigated for the same soil
types.

2. Different types of sandy soils could be tested in order to generalize the
results of this research.

3. Different soil parameters could be tested and related to the soil wave
velocity.

4. Other measurement techniques like ultrasonic Pundits and Bender
elements can be used to test more samples and verify the two methods of
measurements against each other.

5. Different values of clay and cement contents need to be tested.
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