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The framework for a generalized field method to evaluate the shear modulus of 

soils in the linear and nonlinear strain ranges was developed. The field set-up utilizes a 

cylindrical, axisymmetric source that, in this work, was simply a drilled shaft. The test 

procedure involves applying vertical dynamic loads to the top of the cylindrical source. 

Shear waves propagating away from the mid-depth of the source are measured using 

vertically oriented geophones that are embedded in the soil. The vertical dynamic loads 

range from small impacts with hand-held hammers to large, sinusoidal loads (6 to 35 kip 

(27 to 156 kN)) from a Vibroseis.  Nonlinearity in the soil in the vicinity of the source 

(drilled shaft) occurs as the dynamic load level increases. Measurements of linear and 

nonlinear shear wave propagation permits linear and nonlinear shear moduli and 

associated shearing strain amplitudes to be evaluated. Shear wave propagation velocity is 

calculated using the time shift between the waveforms recorded at adjacent sensors. 
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Shear modulus is then calculated using the measured shear wave propagation velocity 

and the mass density of soil. Strain amplitudes are calculated from dynamic 

displacements measured at the sensor locations assuming a linear variation with distance. 

The applicability of test method was studied by conducting small-scale, prototype 

experiments at a “calibration” field site in Austin, Texas. Numerous in situ and laboratory 

measurements have been performed on the soil at the field site. The in situ measurements 

include Standard Penetration Tests (SPT), Cone Penetration Tests (CPT), Spectral 

Analysis of Surface Waves Tests (SASW) and Crosshole Seismic Tests. The laboratory 

measurements include Resonant Column Torsional Shear Tests (RCTS), soil 

classification and soil index tests as well as pressure chamber tests for determining Soil 

Water Characteristic Curve (SWCC). The “small-scale” nature of the tests involved using 

two 15-in. (381-mm) diameter drilled shafts, one was 6-ft (1.8-m) long and the other was 

12-ft (3.7-m) long.  The field site, prototype experiments and well-characterized soil were 

used to verify the general field approach. Experimental results from this field study 

provided information that can be used to improve the developing test method which, in 

the future, may be used on critical projects and to evaluate difficult soil conditions. Also, 

the experimental results provided an opportunity to compare laboratory and field 

measurements of the G/Gmax-log γ curves. This comparison was used to investigate the 

accuracy of common procedures relating field and laboratory modulus reduction curves. 

Nonlinear modulus measurements were performed at depths of 3 to 7 ft (0.9 to 2.1 m) in 

silt (ML) and silty sand (SM) soils. The field G/Gmax- log γ curves for these soils at low 

confining pressures are in general agreement with the laboratory curves as well as the 

empirical curves. 
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 Chapter 1:  Introduction 

1.1 INTRODUCTION 

Current methods for evaluating the dynamic response of soil during earthquake 

shaking require accurate knowledge of local soil properties under the existing state of 

stress and the dependency of the soil properties on the strain amplitude. It is well 

established that the stress-strain behavior of soil is nonlinear under high-amplitude 

dynamic excitation (Seed and Idriss, 1970; Hardin, 1978). Nonlinear behavior of soil has 

long been shown by numerous experimental tests performed on soil samples in the 

laboratory (Seed and Idriss, 1970; Hardin and Drnevich, 1972; Iwasaki et al. 1978; 

Woods, 1978; Kokusho, 1980; Kokusho et al., 1982, Seed et al., 1986; Bolton and 

Wilson, 1989; Dobry, 1991). It has also been observed in the field using ground motion 

records from strong earthquakes (Wen 1994; Beresnev et al. 1995; Zeghal et al. 1995; 

Satoh et al., 1995; Chang et al. 1996; Ghayamghamian and Kawakami 1996, Borja et al. 

1999; Frankel et al. 2002). After the Northridge, 1994 and Kobe, 1995 earthquakes, 

nonlinear soil response was widely observed at different sites and reported in several 

studies (Trifunac and Todorovska, 1996 and 1998; Sato et al., 1996; Aguirre and Irikura, 

1997; Field et al. 1997, 1998; Beresnev et al., 1998; Fukushima et al., 2000). The 

observed response further convinced the engineering and seismological professionals that 

the accurate characterization of nonlinear behavior of soils plays an important role in 

earthquake hazard assessments. 

Generally, the nonlinear behavior of soil is characterized by a reduction in the 

shear modulus and an increase in the material damping ratio with increasing shear strain 

amplitude. Quantification of the variation of shear modulus and material damping ratio as 



 2

a function of shear strain is one of the two major sources of uncertainty in evaluating the 

free-field response of soil during strong earthquake shaking. The other major source is 

the characterization of the input motion. A number of field and laboratory techniques 

have been developed over the last 35 years to measure the dynamic properties of soils. 

Some of these techniques are aimed at measuring small-strain soil properties (where the 

properties are independent of strain amplitude) whereas others are developed for 

measuring large-strain, nonlinear behavior.  

1.2 EVALUATION OF DYNAMIC SOIL PROPERTIES 

1.2.1 Laboratory Evaluation of Dynamic Soil Properties 

Among the laboratory techniques to evaluate dynamic soil properties, there are 

only two or three that can provide measurements in the small-strain range (Kramer, 1996) 

because of the difficulty of accurately creating and monitoring strains that are less than 

0.001%. Dynamic measurements below this strain level result in measuring strain-

independent modulus and damping values. These measurements are performed below the 

threshold strain, γt
e, which varies with the stress state and soil type. These small-strain 

techniques include the resonant column test and the piezoelectric bender-element test. 

The resonant column test is the most common technique to measure small-strain shear 

modulus and material damping ratio of soils, and an ASTM (American Standards for 

Testing Materials) standard has been written that covers the measurement of small-strain 

dynamic properties by resonant column testing (ASTM D 4015).  

Laboratory tests that can measure dynamic soil properties at higher levels of strain 

include cyclic triaxial, cyclic direct simple shear, cyclic torsional shear, and resonant 

column tests. Among these tests, the cyclic triaxial test is the most common test. 

However, the cyclic triaxial test has important limitations that result from system 
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compliance and applied stress state. In the cyclic triaxial test, measurement of shear strain 

is indirect, typically obtained through the normal strain and an assumed value of 

Poisson's ratio. The cyclic direct simple shear test provides a better representation of the 

idealized field stress conditions compared to the cyclic triaxial test, but can introduce 

significant nonuniformity in the stress distribution at the specimen boundaries. The cyclic 

torsional shear test overcomes several of the problems associated with the cyclic triaxial 

and cyclic direct simple shear tests by loading cylindrical specimens in torsion. The 

cyclic torsional shear test suffers from the complication that shear strain varies radially 

within the specimen, from zero at the center to a maximum at the perimeter for a solid 

specimen. However, it has still become a common method of measuring stiffness and 

damping characteristics of soil over a range of strain levels (Kramer, 1996). The torsional 

resonant column has been developed to combine small-to-medium-level strain 

measurements (strains as large as 0.2%) and is often used on large geotechnical 

engineering projects. 

1.2.2 The Need for Dynamic Field Tests 

The ability of laboratory tests to provide accurate measurements of dynamic soil 

properties is affected by several factors such as sample disturbance, specimen size, 

equipment compliance, loading conditions, and reproduction of actual field conditions 

(such as stress, chemical, thermal and structural conditions). Therefore, there is a 

significant need to do nonlinear dynamic soil property measurements in situ that are 

comparable to those conducted in the laboratory. In situ dynamic property measurements 

would eliminate many of the problems associated with laboratory testing. In addition, 

these in situ measurements would allow the accuracy of laboratory methods to be 

evaluated. These points are the reasons why an in-situ testing technique is being 

developed in this research. 
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1.2.3 Field Evaluation of Dynamic Soil Properties in the Small-Strain Range 

Field techniques for measuring soil properties have the advantages of avoiding 

sampling, testing a larger volume of soil and testing the soil in its undisturbed state, thus 

minimizing uncertainties introduced by sample disturbance, sample size, and 

reproduction of actual field conditions. At present, the available field methods for 

measuring shear wave velocity include the spectral-analysis-of-surface-waves test 

(SASW) (Nazarian and Stokoe, 1983; Stokoe et al., 1994b), the suspension logging test 

(Kitsuneazki, 1980; Toksoz and Cheng; 1991, Nigbor and Imai, 1994), the crosshole test 

(Stokoe and Woods, 1972), the downhole test (Redpath et al., 1982), and the seismic 

cone penetrometer test (SCPT) (Campenella et al., 1986 and Lunne et al., 1997). In all of 

the field tests, wave velocities are measured at small shear strain levels which are 

typically less than 10-4 %. Thus, the soil modulus obtained from these tests is 

representative of the soil behavior in the small-strain (or strain-independent) range.   

Comparisons of shear wave velocities measured in the small-strain range in the 

laboratory (Vs lab) and in the field (Vs field) show differences. Generally, the values of     

Vs lab range from slightly less to considerably less than the in-situ values of Vs field for 

soils (Anderson and Woods, 1975). Results from an extensive site response study (the 

Resolution of Site Response Issues in the 1994 Northridge earthquake, ROSRINE, study) 

that involved numerous field and laboratory investigations revealed important 

information regarding the relationship between field and laboratory values of Vs.  In this 

project, 63 intact soil samples were recovered and tested in the laboratory, and in-situ 

seismic measurements were conducted at the locations and elevations of the samples in 

the field. In this case, the P-S suspension logger was used to perform the field 

measurements and resonant column tests at the University of Texas (UT) were used to 

evaluate Vs,lab.  
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The comparison of field and laboratory Vs values for the 63 ROSRINE tests is 

shown in Figure 1.1. The figure shows that the wave velocity ratio (Vs lab/Vs field) 

decreases as the in-situ Vs increases (with little correlation with sample depth). In this 

database, the wave velocity ratio was around one for Vs field of 150 m/s (492 fps). 

However at Vs field of 650 m/s (2133 fps), the wave velocity ratio decreased to about 0.5, 

indicating that the small-strain shear modulus from laboratory testing was about 1/4 of 

the value measured in the field (Stokoe and Santamarina, 2000; Stokoe et al., 1994). 

 

Figure 1.1 Variation in the ratio of laboratory-to-field shear wave velocities: Vslab/Vsfield 
with respect to the in-situ value of Vs (data from the ROSRINE study; from 
Stokoe and Santamarina, 2000). 

None of the seismic field testing methods that is mentioned above was originally 

developed with the intension of measuring material damping ratio. However, some 

researchers investigated the potential of these field seismic tests to evaluate the small-

strain material damping ratio. Redpath et al. (1982) developed a technique where spectral 

ratios of downhole signals are analyzed to evaluate material damping ratios. The values 
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evaluated for low-damping materials using downhole signals were significantly higher 

than those measured in the laboratory. Mok et al. (1988) used crosshole measurements to 

estimate the small-strain material damping ratio. Stewart and Campanella (1993) and 

Campanella et al. (1994) used seismic cone penetration test (SCPT) data to measure 

material damping characteristics. Michaels (1998) described an inverse geophysical 

method that uses wave traces recorded from downhole experiments. Rix et al. (2000), 

performed surface wave measurements to measure attenuation coefficients (α) at various 

frequencies from which they evaluated material damping ratios through inversion of the 

measured data. In essentially all cases, the measurements of small-strain material 

damping ratio are quite limited and many questions remain.  

1.2.4 Field Evaluation of Dynamic Soil Properties in Medium- to Large-Strain  
         Range 

At present, there is no validated and robust test method for determining the shear 

wave velocity (hence, shear modulus) in the field in the medium-to-large-strain range. In 

current standard practice in geotechnical earthquake engineering, two approaches are 

used to determine the variation of the shear modulus with strain amplitude. In the first 

approach, small-strain field measurements are used to adjust G - log γ curve that is 

measured in the laboratory with an intact specimen using:  
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where fieldG ,γ  is the in-situ shear modulus at a shear strain of γ , labG ,γ is the shear 

modulus determined in the laboratory (by testing an intact specimen) at a shear strain of 
γ , labGmax, is the small-strain shear modulus determined in the laboratory and fieldGmax,  is 

the small-strain shear modulus measured in the field by means of seismic testing. This 
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approach is based on the assumption that the relative variation of the normalized soil 

modulus (G/Gmax) with the strain amplitude is the same in the laboratory as in the field. 

Since the assumption that the G/Gmax - log γ curves in the field and in the laboratory are 

the same, has not yet been confirmed, the state-of-the-art practice uses an approach to 

account for the uncertainty in the trend of the shear modulus reduction curve. The 

reference shear strain (shear strain at which G/Gmax is 0.5) is adjusted using: 
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where fieldr ,γ  represents an unknown value of reference shear strain in-situ, fieldsV ,  is the 

small-strain shear wave velocity measured in the field by means of seismic testing, 

labsV , is the small-strain shear wave velocity measured in the laboratory (from an intact 

specimen), and labr ,γ  is the reference shear strain determined from the laboratory G/Gmax 

- log γ curve. The first approach is illustrated in Figure 1.2.  
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Figure 1.2 Illustration of the first approach in current practice for estimating the in situ 

shear modulus reduction curve from field seismic tests and nonlinear 
laboratory measurements.   
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The use of empirical curves that have been developed for different soil types is 

also common where reliable laboratory test results are not available. In this second 

approach for obtaining G - log γ  relation, an empirical G/Gmax - log γ  curve is combined 

(scaled) with the small-strain field measurements using: 

 
( ) fieldempiricalempirical GGGG max,,max, */ γγ =                                                                (1.3) 

 
where empiricalG ,γ  is the empirically obtained in-situ shear modulus at a shear strain of γ , 

( ) empiricalGG ,max/ γ is the ( )max/GG  value at a shear strain of γ  given by an empirical 

relationship and fieldGmax, is the small-strain shear modulus measured in the field. This 

second approach is illustrated in Figure 1.3.  

Evaluation of the material damping ratio curve is even more subtle; the laboratory 

curves or empirical curves are typically adjusted using engineering judgment 

(downwards) before they are used to describe the material damping characteristic of the 

soil in the field.  

It is becoming increasingly recognized that the uncertainty in dynamic soil 

properties can have a considerable effect on the ground motions predicted during 

earthquake shaking (Darendeli et al., 2001; Wang and Hao, 2002; Bazurro and Cornell, 

2004; Pelli et al., 2004). More importantly, the choice of which method to use in the site 

response analysis (whether a sophisticated nonlinear response analysis is required or an 

equivalent-linear analysis is sufficient) depends on the accuracy of the information 

regarding the dynamic behavior of the soil, i.e., what levels of strain correspond to 

significant nonlinear effects. Therefore, there is increasing interest in obtaining reliable 

measurements of dynamic soil properties that will best represent the characteristics of the 

soil in the field.   
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Figure 1.3 Illustration of the second approach in current practice for estimating the in 
situ shear modulus reduction curve from field seismic tests and an empirical 
soil curve: (a) empirical G/Gmax - log γ curve for a given soil type, and (b) 
field G - log γ curve is obtained by multiplying the empirical curve with the 
Gmax value measured in the field. 
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1.3 OBJECTIVE OF RESEARCH  

The first goal of this research study is to develop the experimental aspects of an in 

situ nonlinear testing approach hence cerate nonlinearity in situ and measure propagating 

linear and nonlinear shear waves. The generalized test method involves applying dynamic 

loads within the soil mass with a deep foundation or anchor (Figure 1.4). The response of 

the soil is measured at depth using embedded instrumentation. An important aspect of 

generalized method is to create as simple a wavefield as possible. Plane waves 

propagating through the test soil in the far field would be the simplest wavefield to 

measure. However, it is not practical to create such a wavefield since it would require a 

very large source and waves propagating significant distances. The main idea of this 

research is to use an axisymmetric vertical source, which can be idealized as a vertical 

line source, to create a rather simple wavefield. In an elastic homogenous and isotropic 

medium, a line source generates a cylindrical wavefront which consists of two-

dimensional wave motion with axial symmetry.  

In this research work, drilled shafts are utilized as cylindrical, axisymmetric shear 

wave sources and the test procedures for measuring linear and nonlinear shear modulus 

of soil in situ are investigated. The applicability of the field method is studied by 

conducting experiments at a “calibration” test site. The second goal of this research is to 

analyze the results of this experimental work in a simplified equivalent-linear manner, in 

other words, more sophisticated analyses are left for future work. 

The third goal of this research is to provide an opportunity to compare laboratory 

and field measurements of nonlinear shear stiffness of soils and investigate the accuracy 

of common laboratory test methods. 
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Figure 1.4 Generalized testing arrangement for measuring nonlinear shear wave 
propagation in situ. 

1.4 ORGANIZATION OF DISSERTATION 

In Chapter 2, previous studies in the literature that involve in-situ evaluation of 

nonlinear dynamic soil properties are reviewed. A brief description of each study is 

provided and the resulting information is discussed. In Chapter 3, the field test site where 

the research work was conducted is described. The details of a site characterization study 

performed at the beginning of the research work are given in Chapter 3, and the soil 

characteristics and conditions are presented. More information on the soil conditions 

were collected through out the field testing. This information is included, however, in 

subsequent chapters as needed.  

In Chapter 4, the configuration, equipment and instrumentation used in the field 

tests and the field testing procedures that were followed are discussed. In Chapters 5 

through 8, all dynamic field tests that were performed within this research as well as 

complimentary tests such as laboratory dynamic tests, static load tests and various other 

conventional geotechnical tests are detailed. Description of tests, the data collected and 
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(Pile or Drilled 
Shaft) 

Embedded 
Sensor 
Array

Dynamic 
Vertical Load 



 12

the results are presented. Discussion of the results is provided. Chapters 5 through 8 are 

organized to present two sets of field tests that are related to two locations within the test 

site. The tests at the first location are presented in Chapters 5 and 6.  The knowledge and 

experience gained during these first set of tests were used to modify/improve the test 

method and to provide valuable information for the organization of the tests at the second 

location. The second set of tests is presented in Chapters 7 and 8. These tests represent 

the final method developed in the research. 

Conclusions and contributions of the research as well as the recommendations for 

future studies are presented in Chapter 9. Calibration and specifications for various field 

instrumentation and equipment are presented in Appendix A.  Appendix B provides the 

records of climate conditions in south Austin throughout the time over which the research 

was conducted. Appendices C and D present some of the dynamic field test 

measurements that were not included in the relevant chapters due to space concerns. 

Appendix C presents field test results that are not included in Chapter 8. Appendix D 

presents field test results that are not included in Chapter 6. Finally, Appendix E provides 

a copy of Matlab routine that was created to automate reduction of field data. 
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Chapter 2:  In-Situ Evaluation of Nonlinear Soil Properties 

2.1 INTRODUCTION 

A number of attempts have been made in the last decade to evaluate the nonlinear 

behavior of soil ‘in situ’. Several of these attempts involved back calculation of nonlinear 

soil properties from strong-motion earthquake records (Zeghal, et al., 1995; Chang et. al., 

1996; Ghayamghamian and Kawakami, 2000; Kokusho et al., 1996 and 2004).  On the 

other hand, a few methods have been proposed to measure directly nonlinear soil 

properties in the field (Henke and Henke, 1993b and 2002; Salgado et al., 1997; Roblee 

and Riemer, 1998; Stokoe et al. 2001). Each of these studies is described below.  

2.2 BACK CALCULATION FROM STRONG MOTION EARTHQUAKE RECORDS 

2.2.1 Zeghal et al. (1995) 

Zeghal et al. (1995) proposed a method where shear stress-shear strain histories 

were evaluated from accelerations recorded at downhole accelerometer arrays. Seismic 

lateral response was idealized as a one-dimensional shear beam, and the shear stresses 

were calculated by integrating the equation of motion using a stress-free surface 

boundary condition (a first-order interpolation between accelerations measured at the 

accelerometer locations was employed to discretize integration). The corresponding shear 

strains were calculated by double integrating accelerations (to get displacement-time 

histories) and then employing a second-order interpolation between displacements. Once 

the stress-shear strain histories were evaluated, equivalent shear moduli and material 

damping ratios were estimated using stress-strain loops (as proposed by Seed et al., 1970 

and 1986).  Zeghal et al. (1995) applied this method to accelerometer time histories 

recorded at shallow depths (0 to 17 m (0 to 56 ft)) at the Large-Scale Seismic Test 

(LSST) in Lotung, Taiwan. The site consist of silty sand and sandy silt (with gravel) soil 
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at the top 90 ft (30 m). Accelerations recorded during a number of earthquakes with 

varying excitation levels were evaluated to characterize the variations of shear modulus 

and material damping ratio over a range of shear strain amplitudes. Recordings during 

low-amplitude earthquakes provided the reference small-strain soil response, and the 

recordings during strong earthquakes were used to obtain the nonlinear response. The 

shear modulus and damping ratio values evaluated at 20-ft (6-m), 36-ft (11-m) and 56-ft 

(17-m) depths are shown in Figure 2.1 along with a representative statistical fit.  

Zeghal et al. (1995) also presented a normalized compilation of all data (from 6- 

m, 11-m and 17-m depths) that characterizes the overall site response (Figure 2.2). Figure 

2.2 also includes the results of laboratory resonant column and torsional shear tests 

performed on undisturbed silty sand, sandy silt and silt specimens at The University of 

Texas at Austin (UT) laboratory. From the results in Figure 2.2, Zeghal et al. (1995) 

concluded that in situ shear modulus values evaluated from earthquake records were 

lower than those obtained in the laboratory. They also concluded that the damping ratio 

values had significant scatter and were considerably higher than the values measured in 

the laboratory. However, it is unlikely that the G/Gmax-log γ relation in the field is "less" 

(more nonlinear) than the laboratory (see Figure 2.2), considering Vs field is greater than 

Vs lab (EPRI 1993). On the other hand, it is likely that the field D-log γ relation is more 

nonlinear than that measured in the laboratory, although the Dmin values obtained by 

Zeghal et al. (1995) seem unusually high (~ 5%) for silt and sand materials.  

2.2.2 Chang, et. al. (1996) 

Chang et. al. (1996) developed another procedure to infer in situ shear modulus 

reduction curves using acceleration records from the same test site (LSST in Lotung, 

Taiwan). In this procedure, representative shear wave velocity profiles between 

consecutive recording stations were evaluated from the acceleration records by employing 
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Figure 2.1 Equivalent shear moduli and damping ratios evaluated at the Lotung 
downhole array site (6 m, 11m and 17 m depths) by Zeghal et al. (1995) 
(from Zeghal et al., 1995).  
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Figure 2.2 Comparisons of equivalent shear moduli and damping ratios evaluated at the 
Lotung downhole array site by Zeghal et al. (1995) with those measured at 
the UT soil dynamics laboratory (from Zeghal et al., 1995). 
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a method that estimates the fundamental frequency of a layered soil profile. The method 

utilizes Fourier spectral ratios (between the ground surface and each depth) to identify the 

fundamental frequencies and the closed-form solution to the equation of motion for a 

two-layered soil profile to estimate representative shear wave velocity values. The 

effective shear strain values (65% of the peak shear strain as used by Schnabel et al., 

1972) were then estimated by using a linear ground response deconvolution analysis. The 

computer program SHAKE (Schnabel et al., 1972) was used in the analyses. In this 

program, shear modulus values corresponding to the representative shear wave velocity 

profiles were used along with the damping curves from laboratory tests and the iterations 

were made only on the damping ratio. The shear modulus reduction curves were then 

developed by utilizing the analysis done for records from different events with varying 

levels of shaking. Comparison of the resulting shear modulus curves for the sand layer 

with those measured in the UT soil dynamics laboratory are presented in Figure 2.3. In 

this figure, damping curves are also shown. Note that the damping values by Chang et al. 

(1996) are those calculated by iteration using SHAKE. Just as found by Zeghal et al., 

1995, the back-calculated shear modulus values are substantially lower than those 

obtained in the UT laboratory.  

2.2.3 Ghayamghamian and Kawakami (2000) 

Ghayamghamian and Kawakami (2000) used the method developed by Zeghal et 

al. (1995) to obtain in-situ soil properties from strong-motion records at five vertical 

array sites in Japan. Soil properties of these sites are given in Table 2.1. At each site, 

three-component accelerometers located at the surface and the bottom of the downhole 

were recorded. Ghayamghamian and Kawakami (2000) presented the results evaluated 

from the accelerations measured at depths of 33, 98, 131, 92 and 144 ft (10, 30, 40, 28, 

and 44 m) in the Chiba, Fujisawa , Samukawa, Shinfuji and TTRL sites, respectively.  
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(a) 

 
(b) 

Figure 2.3 Back-calculated soil properties at the Lotung downhole array site by Chang 
et al. (1996) (a) comparison of shear modulus reduction curves with those 
measured in the UT soil dynamics laboratory, and (b) comparison of 
material damping ratio curves used in the study with those measured in the 
UT soil dynamics laboratory (from Chang et al., 1996). 
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Table 2.1 Soil parameters at five vertical arrays in Japan (from Ghayamghamian and 
Kawakami, 2000). 

Depth 
(m) 

Soil  
Type 

Vp 
(m/s) 

Vs 
(m/s) 

Bulk Density 
(g/cm3) 

(a) Chiba Site 
1 - 5 Loam 320 140 1.38 

5 - 10 Sandy Clay 550 320 1.50 
(b) Fujisawa Site 

1- 6 Humus 1000 40 1.13 
6- 20 Silt 1500 65 1.42 

20 - 22 Silt 1500 100 1.58 
22 - 25 Clay 1900 400 1.58 
25 - 30 Sand 1900 400 1.81 

(c) Samukawa Site 
0- 5 Silt 750 110 1.55 
5- 10 Gravel 530 300 1.98 

10 - 22 Sand 1330 300 1.85 
22 - 31 Silty Clay 1550 230 1.84 
31 - 40 Sand 1620 370 1.72 

(d) Shinfuji Site 
1- 7 Loam 300 130 1.47 
7- 14 Loam 640 250 1.68 

14 - 24 Loam 870 412 1.69 
24 - 28 Loam 1240 726 1.95 

(e) TTRL Site 
3 - 28 Silt 1550 150 1.71 

28 - 44 Clay 950 220 1.61 

In their study, they divided the record of each strong motion into several time 

windows and estimated the stress-strain histories for each time window using the method 

of Zeghal et al. (1995). For each stress-strain cycle in a given time window, they 

calculated the values of equivalent shear modulus and damping ratio and then averaged 

these values for all cycles to obtain the representative shear modulus and damping ratio 

for that time window. They related the average values of shear modulus and damping 

ratio to the maximum value of the shear strain in the same time window. The variation of 

the shear modulus and damping ratio with shear strain amplitude at each site was then 

estimated by applying the method to the time windows of the record corresponding to 

different levels of shaking. Figure 2.4 illustrates their results.  
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Figure 2.4 Comparison of shear modulus and material damping ratio curves evaluated 
at vertical array sites in Japan by Ghayamghamian and Kawakami, 2000 
(from Ghayamghamian & Kawakami, 2000). 

As can be seen in Figure 2.4, the back-calculated soil properties are significantly 

scattered. The figure also includes the empirical curves proposed by Seed et al. (1970 and 

1984) and Kokusho et al (1996). Comparison of these results with empirical curves 

indicates that there is significant scatter and not a strong trend in the G/Gmax-Logγ curves 

with soil type. 
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2.2.4 Kokusho et al. (2004) 

Kokusho et al. (2004) back-calculated site specific nonlinear properties using 

records from four downhole arrays during the 1995 Kobe earthquake and its aftershocks. 

The soil profile and the installation depths of seismographs at each downhole array site 

(named as SGK, PI, TKS and KNK) along with the small-strain P- and S-wave velocities 

(from downhole seismic tests) and SPT N-values are shown in Figure 2.5.  

 

 

Figure 2.5 Soil profiles, SPT N-values and wave velocity profiles along depth at 4 
downhole array sites: (a) SGK, (b) PI, (c) TKS, and (d) KNK (from 
Kokusho et al., 2004).  
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Fourier spectral ratios between the ground surface and the depths of 0 ft (0 m), 82 

ft (25 m) and 328 ft (100 m) (the instrumented depths) were calculated from the 

earthquake records and equivalent linear soil properties (shear wave velocity and 

damping ratio) were optimized to best reproduce them. Optimization was based on the 

Bayesian approach, and the back calculations of spectral ratios were based on the 

assumption of one-dimensional vertical SH-wave propagation. Both the main shock and 

the aftershocks were analyzed to evaluate the variation of soil properties with varying 

levels of excitation. Figure 2.6 shows the results presented by Kokusho et al. (2004) for 

four different types of soils. The plot represents properties of individual soil layers in the 

soil profiles at the four sites illustrated in Figure 2.5.  

The authors concluded that the resulting shear modulus degradation curves 

(determined from back-calculated shear wave velocities) are more or less consistent (at 

least where G/Go ≥ 0.5) with previous laboratory test results on similar materials. On the 

other hand, the back-calculated material damping ratios were higher than those typically 

measured in the laboratory. However, as can be seen in Figure 2.6, there is considerable 

scatter in almost all of the evaluated curves. There is no clear trend for the data presented 

for silt and gravel materials.   

Nevertheless, the results from these studies provided valuable information for 

understanding nonlinear soil behavior and its occurrence in the field. In addition, the 

proposed approaches provide a means for evaluating the differences between the field 

and laboratory test methods. However, these field methods are clearly not intended to 

provide a method of practice for site specific analyses since they require strong 

earthquakes to occur and the resulting ground motions to be recorded by a relatively 

dense array of stations in the vicinity of the site under question. 

 



 23

 

Figure 2.6 Shear modulus and material damping ratio curves back calculated by 
Kokusho et al. (2004) at four sites for four soil types: (a)clay, (b) silt, (c) 
sand, (d) gravel, (e) sand (reference strain normalized by confining stress) 
(d) gravel (reference strain normalized by confining stress) (from Kokusho 
et al., 2004). 
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2.3 DIRECT IN SITU MEASUREMENTS 

2.3.1 Henke and Henke (1993b and 2002) 

A few methods have been proposed to directly measure nonlinear soil properties 

in the field. Henke and Henke (1993b and 2002) have been developing a torsional 

cylindrical impulse shear test for this purpose. An illustration of the test configuration is 

given in Figure 2.7.  

 

Figure 2.7 Illustration of the in situ torsional cylindrical impulse shear test (TCIST) 
proposed by Henke and Henke (from Henke and Henke, 2002). 

In this test, a borehole is drilled using a hollow-stem auger and a 7-in. (177.8-

mm) diameter open-ended cylinder is lowered down the borehole and pushed into the soil 

below the base of the borehole. The cylinder has an instrumented head which allows 

application of a torsional impulse (at a selected torque level) to the cylinder. In response, 
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shear waves propagate through the surrounding soil, and the instrumented head-cylinder 

assembly rotates dynamically.   

The characteristics of the soil are then inferred using the measurements of torque 

and angular accelerations made at the instrumented head. The interpretation requires an 

analytical simulation of the test. The authors suggest using an axisymmetric probe-soil 

model in which a linear discrete parameter model is used for the probe (cylinder-

instrumented head-assembly), and a nonlinear continuum model is used for soil 

surrounding the cylinder. Figure 2.8 illustrates the model that was suggested by the 

authors where iI , oTk  and oTc represent, the mass moment inertia of the i th mass, the 

torsional stiffness and the torsional damping coefficient about the longitudinal centerline, 

respectively.  

 

Figure 2.8 Illustration of analytical model of torsional cylindrical impulse shear test 
(TCIST) (from Henke and Henke, 2002). 
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In the analytical model, the shear deformation characteristics of the soil are 

described by an idealized skeleton curve that follows the Ramberg-Osgood equations, 

and extended branches that follow Masing’s criterion. The following equations are used 

in the analysis: 
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oG  is the small-strain shear modulus, yR τα ,,  are parameters of the Ramberg-Osgood 

equations, and 1τ , and 1γ  are peak stress and strain coordinates, respectively. The 

equivalent viscous damping ratio is derived from (based on Idriss et al., 1978) the 

following equation:  

 
R

refo

ref

GR
RD ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛

+
−

=
τ
τ

γ
τ

π
1

11
12                                                                               (2.4) 

 

Simulations of the tests are made by assuming a set of soil characteristics for the 

test soil and applying the measured torque to the analytical model. The computed and 
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measured angular accelerations of the instrumented head are compared. The soil 

characteristics are varied and successive simulations are conducted until a close 

agreement between the measured and computed response is achieved. A least-squares 

method is used to obtain the simulation that exhibits the closest agreement between the 

measured and computed angular accelerations of the instrumented head. The output of 
the simulation for a given test gives the values of three parameters ( RG refo ,,τ ). These 

parameters are then used in the above equations and the results are presented as the 

corresponding shear stress strain behavior of the soil in the field. At a given test depth, 

low levels of loading are initially applied to obtain linear soil properties. Then a series of 

increasing levels of loadings are applied to estimate nonlinear soil properties.   

The torsional cylindrical impulse shear test (TCIST) method was evaluated at two 

sites, I-10/La Cienega Blvd. site (I-10)  and Treasure Island site (TI). The soil conditions 

at these sites and the TCIST model parameters are presented in Table 2.2.  Comparisons 

of small-strain Vs values inferred form the TCIST at each site with those obtained from 

established small-strain seismic field tests are shown in Figure 2.9.   

Table 2.2 Soil conditions at sites and information inferred from results of impulse 
shear tests (from Henke and Henke, 2002). 

Site Depth 
(m) 

Soil  
Type 

Density 
(kg/cm3) 

Go 
(MN/m2) 

τref 
(kN/m2) 

R 

2.74 fill(?), moist silty clay 1780 42.8 22.5 5.00 
4.57 moist silty clay 1780 63.0 20.0 2.25 
5.49 moist silty clay s 1780 63.0 27.5 2.25 
6.40 moist silty sand (?) 1840 63.0 25.0 2.25 

I-10  
water table 

~ 8 m  

8.23 saturated silty sand 1840 52.5 18.8 3.13 
3.20 fine sand (fill) 1920 23.4 3.50 3.50 
4.88 fine sand (fill) 1920 23.7 4.75 3.50 
6.71 fine silty sand (fill) 1920 24.7 3.50 3.75 
7.62 fine silty sand (fill, localized soft 

zone) 
1920 15.4 9.00 7.25 

TI 
water table  

~ 1.2 m 

9.75 fine silty sand (shoal) 1920 35.7 6.50 3.50 
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           (a)     (b) 

Figure 2.9 Comparison of small-strain shear wave velocity values inferred from TCIST 
with those measured with seismic tests at the two sites: (a) I-10/La Cienega 
Blvd. site (SASW profile presented by Stokoe et al., 1998), and (b) Treasure 
Island site (seismic crosshole test (SCT) presented by Alba et al. , 1994) 
(from Henke and Henke, 2002).  

G/Gmax- log γ and D- log γ curves inferred from the impulse shear tests are 

presented in Figures 2.10 and 2.11 for I-10/La Cienega Blvd. and Treasure Island sites, 

respectively. The solid line in Figures 2.11 and 2.10 represents the TCIST results. Based 

on the results presented in Figure 2.10, the authors concluded that at I-10/La Cienega 

Blvd. site, normalized shear modulus values evaluated from impulse shear tests were in 

good agreement with laboratory test data. The values of material damping ratio at low 

strains evaluated from TCIST, however, are erroneous; the value of material damping 

ratio approaches to zero as the strain decreases as a result of the Masing criterion used in 

the analysis.  
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Figure 2.10 Comparison of results from in-situ impulse shear tests at I10/La Cienega 
Blvd. site with results from laboratory direct shear tests (DSS; Vucetic et al., 
1998) and resonant column (RC) and torsional shear (TS) tests (ROSRINE, 
1998b) conducted on samples recovered from the site (from Henke and 
Henke, 2002). 
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Figure 2.11 shows the comparison of impulse shear test results at the Treasure 

Island site with those obtained at the UT soil dynamics laboratory. The solid lines in 

Figure 2.11 represent impulse shear test results and were inferred from field tests that 

cover a depth range of 10 ft (3.2 m) to 32 ft (9.75 m). In the same figure, shear modulus 

and material damping ratio curves determined from laboratory resonant column (RC) and 

torsional shear (TS) from three different depths of 17 ft (5.3m), 30 ft (9.1 m) and 30 ft 

(33.5 m) are shown as in the legend of the figure. Based on the results presented in Figure 

2.11, the authors concluded that the normalized shear modulus values were in  agreement 

with the UT laboratory results and that the material damping ratio values at high strain 

values exceed the corresponding published information. However, as seen in Figure 2.11, 

the inferred shear modulus reduction curve suggests a different trend than is indicated by 

the laboratory tests data (as well as the empirical curves). As it was with the I-10/La 

Cienega Blvd. site, the values of damping ratio at low strains evaluated at the Treasure 

Island site were underestimated as a result of the analytical model.  

2.3.2 Salgado et al. (1997) 

Salgado et al. (1997) describe a method where the results from a modified seismic 

crosshole test (developed by Shannon and Wilson and Agbabian Associates, 1976 and 

1977) are used to evaluate ‘in-situ’ shear modulus reduction curves.   

The test equipment and field procedure are similar to conventional crosshole 

testing except that a larger-energy source is created using drop hammers of varying 

weights over varying heights. The general field set-up is shown in Figure 2.12.  

The source mechanism consists of a hydraulic anchor and a downhole hammer 

that are attached to the drill stem and lowered to the desired depth in a cased source hole 

that  has  a diameter of 12 in. (0.30 m).  The  4-ft  (1.22-m)  long,  200-lb (890-N) anchor  
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Figure 2.11 Comparison of results from in-situ impulse shear tests at Treasure Island site 
with results from the UT laboratory resonant column (RC) and torsional 
shear (TS) tests conducted on samples recovered from the site (from Henke 
and Henke, 2002). 
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couples to the borehole wall using a hydraulic ram in a similar way as in conventional 

crosshole testing. The drop hammer, weighing 120 lb (535 N), is then dropped on a strike 

plate on top of the anchor to create vertically polarized, horizontally propagating shear 

waves. Unlike a typical crosshole test, a Belleville spring is used between the hammer 

and the strike plate in an attempt to create a longer-duration shear impulse. 

 

Figure 2.12 Illustration of large-strain crosshole test (from Salgado et al, 1997). (The 
distances that are shown in figure are suggested by authors). 

As in conventional crosshole equipment, a transducer (in this study a geophone) is 

attached to the source to record the input motion. The receivers (geophones) that are 

located vertically in adjacent boreholes (the authors suggest using three boreholes, spaced 

about 4, 8, and 16 ft (1.22, 2.44, and 4.89 m) from the source borehole) and positioned at 

the same elevation as the source are then used to record the waveforms as the wave 

propagates away from the hammer. The time required for the shear wave to travel from 

the source hole to each of the receivers is measured, and the particle velocity at each 

sensor is recorded.   

~4 ft~4 ft~4 ft
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The shear modulus reduction curve is then evaluated from the recorded data using 

the following procedure. An approximate travel time versus distance curve is obtained by 

fitting the three measured travel time values at three distances (the receiver boreholes) to 

an assumed form of the ‘travel-time curve’ (Figure 2.13). The authors suggest a 

hyperbolic tangent function which is given by: 
 

[ ])tanh(11

max

cxtx
V

tt oo −−+=                                                                           (2.5) 

 

where, c, is a regression constant.  This curve provides a slope which is finite at t = 0, 

decreases monotonically with time and approaches 1/Vmax when the time approaches 

infinity. The three (spacing and travel time) points are used to establish three unknowns 

(to, Vmax, and c) by a least-squares fitting procedure. The shear wave velocity value at 

each receiver borehole is then obtained as the inverse of the slope of the ‘travel-time 

curve’ at that distance.   

 
Figure 2.13 ‘Travel-time curve’ as described by Salgado et al., 1997 (from Salgado et al, 

1997).  

The shear strain is obtained from the particle and shear wave velocities at each 

receiver borehole by (assuming plane wave (1-D) propagation): 
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s

s

V
υγ =                                                                                                                 (2.6) 

where, sυ  , is the particle velocity measured at that receiver. The values of the shear 

modulus, G, are then calculated using: 
 

2
sVG ρ=                                                                                                              (2.7) 

 

Similarly, the value of the small-strain shear modulus, Gmax is calculated from: 
 

2
maxmax VG ρ=                                                                                                       (2.8) 

 

After obtaining the three G/Gmax values and corresponding strain values, another 

least-squares fitting is done. This time the three points are fit to a Hardin-Drnevich 

hyperbolic stress-strain relationship (Hardin and Drnevich, 1972). The resulting curve is 

then presented as the shear modulus reduction curve inferred from the large-strain 

crosshole tests.   

Salgado et al. (1997) presents a case study where the large-strain crosshole test 

(LSCT) was evaluated at a site near Richland, Washington. The soil profile at the test site 

is presented in Table 2.3. LSCT were performed between depths of 20 ft (6 m) and 59 ft 

(18 m) at 5 ft (1.5 m) intervals. The authors identified four layers within these depths 

based on an available cone penetration (CPT) profile at a location close to the test site.  

Table 2.3 Description of soil types at the large-strain crosshole test (LSCT) site 
(Salgado et al., 1997). 

Depth 
(m) 

Soil 
Type 

0 - 1.5 fine sand 
1.5 - 6 sandy gravel 
6- 43 dense to very dense, brown, fine to medium, weakly 

cemented sand 
143 Bedrock 

Note : Ground water table at 90 m 
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In this case study, the three receiver boreholes were 9, 21.6 and 48 ft (2.8, 6.6 and 

14.8 m) away from the source borehole. It should be noted here that the authors did not 

present these distances in their paper. However, all graphs that present their results show 

that these were the distances that were used in the field (see Figures 2.14a, 2.15a and 

2.16a). At each depth, one or more tests (repetition tests) were performed. Each test 

yielded three arrival time measurements (from source to each of the three receiver 

borehole). These measurements were then used to obtain the small-strain Vs and the 

reduction in Vs (hence, shear modulus) with increasing shear strain. It was assumed that 

at a given depth the spatial variability of soil properties between the boreholes was 

negligible. 

The results of LSCT at depths 20 ft and 25 ft (6 m and 7.5 m), 30 ft through 41 ft 

(9 m through 12.5 m) ,44 ft and 49 ft (13.5 m and 15 m), and 54 ft and 59 ft (16.5 m and 

18 m) are presented in Figures 2.14, 2.15, 2.16 and 2.17, respectively. In each figure, the 

first graph shows the fitted ‘travel-time’ curves using the field data measured at the 

specified depths and the second graph presents the interpreted G/Gmax- log γ curves.  

In Table 2.4, the small-strain Vs values inferred from the LSCT are compared to 

the results obtained from seismic cone penetrometer (SCPT) that was performed adjacent 

to the LSCT test location. As seen in the table, the LSCT-determined values of Vs are 

consistently less (by about 20%) than the SCPT-determined values in the depth range of 

29.5 to 59 ft (9 to 18 m). 

Table 2.4 Small-strain shear wave velocities from SCPT and LSCT (from Salgado et 
al., 1997). 

Small-strain Shear Wave Velocity (m/sec)  
Layers (m) Seismic cone penetrometer test Large-strain-crosshole test 

6-7.5 390 419 
9-12 520 418 

13.5-15 540 446 
16.5-18 540 445 
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In Figures 2.14b, 2.15b, 2.16b and 2.17b, the dots represents the field data, the 

solid line represents the hyperbolic model curve inferred using the field data and the 

dashed line represents the empirical curve proposed by Seed and Idriss (1970) for clean 

sands. Based on the results presented in Figures 2.14 through 2.17, the authors concluded 

that the inferred shear modulus reduction curves were consistent with the available 

information.  

 
Figure 2.14 Large-strain crosshole test results for depths 20 ft and 25 ft (6 m and 7.5 m): 

(a) fitted ‘travel-time curve’, and (b) interpreted shear modulus reduction 
curve (dots represent calculated values for three boreholes and dashed line is 
modulus reduction curve of Seed and Idriss, 1970 (from Salgado, et al., 
1997). 
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(b) 

Figure 2.15 Large-strain crosshole test results for depths 30 ft through 41 ft (9 m through 
12.5 m): (a) fitted ‘travel-time curve’, and (b) interpreted shear modulus 
reduction curve (dots represent calculated values for three boreholes and 
dashed line is modulus reduction curve of Seed and Idriss, 1970 (from 
Salgado, et al., 1997). 
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Figure 2.16 Large-strain crosshole test results for depths 44 ft and 49 ft (13.5 m and 15 
m): (a) fitted ‘travel-time curve’, and (b) interpreted shear modulus 
reduction curve (dots represent calculated values for three boreholes and 
dashed line is modulus reduction curve of Seed and Idriss, 1970 (from 
Salgado, et al., 1997). 
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(b) 

Figure 2.17 Large-strain crosshole test results for depths 54 ft and 59 ft (16.5 m and 18 
m): (a) fitted ‘travel-time curve’, and (b) interpreted shear modulus 
reduction curve (dots represent calculated values for three boreholes and 
dashed line is modulus reduction curve of Seed and Idriss, 1970 (from 
Salgado, et al., 1997). 
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Figures 2.14 through 2.17 indicates that there are very few data in the large-strain 

range which implies that the energy created with the anchor-hammer assembly is not 

enough to induce large strains in the adjacent boreholes. This is clearly observed from the 

‘travel-time’ plots, where all three points measured in the field seem to essentially fall on 

the straight portion of the fitted ‘travel-time’ curve. The authors did not describe clearly 

the field data presented in these figures, but it is clear that the three field data points on 

the travel-time curve do not correspond to the three field data points on the G/Gmax - log 

γ since a reduction in G/Gmax as low as 0.2 could not be calculated from the Vs values that 

were indicated by the field data points shown on the travel-time - distance plots. Staged 

testing, where the energy in the source borehole would be increased in stages, could have 

resulted in inducing successively larger strains in the adjacent soil. Still, it is hardly 

expected to induce shear strains larger than 0.1% at the closest borehole given the 

described source mechanism, the type of soil material and the distance from the source to 

the closest receiver borehole (~9 ft (~2.8 m) from Figures 2.14 through 2.18 or 4 ft (1.2 

m) as suggested by the authors).  Also, comparisons of the normalized shear modulus 

curves evaluated using LSCT with the empirical curves proposed by Seed and Idriss 

(1970) show considerable differences at this specific test site.   

2.3.3 Roblee and Riemer (1998) 

Roblee and Riemer (1998) describe a downhole free-standing shear device 

(DFSD) that is being developed for the in-situ measurement of dynamic properties (shear 

modulus and material damping) of clayey soils over a range of strains. The method 

involves performing a torsional shear test on a ‘freestanding’ column of soil carved 

below the bottom of a borehole. Figure 2.18 illustrates the design concept of the DFSD.  
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Figure 2.18 Design concept for DFSD (from Roblee and Riemer, 1998). 

The DFSD is comprised of three concentric cylinders and a loading cap located in 

the center. The device operates in an 8-in. (203.2-mm) diameter cased borehole filled 

with drilling mud. The testing procedure involves lowering the DFSD to the bottom of 

the cased borehole and pneumatically locking it against the casing. An axial load is then 

applied to the bottom of the borehole via the top cap to re-establish the in-situ total 

vertical stress on the underlying soil. The two interior cylinders are operated remotely 

and automatically from the surface to carve a 16-in. (406.4-mm) long and 4-in. (101.6-

mm) diameter soil specimen in the soil just beyond the bottom of the borehole at depth. 
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The carving is accomplished by advancing the rotating middle cylinder (which has 

cutting teeth at its base) into the ground, while the inner cylinder (which has a thin sharp 

cutting edge) is advanced into the soil without rotation and slightly ahead of the cutting 

teeth. A system that provides air confinement within the DFSD is used to confine the soil 

specimen laterally during the carving operation. The inner cylinder also carries an 

instrumented latex membrane which is suctioned against the inner wall of the cylinder 

during sample carving.   

Once the carving operation is complete, the latex membrane that carries ‘flexible’ 

strain gauges is pneumatically pressurized against the soil specimen to provide the ‘in-

situ’ lateral confinement. The strain gauges are mounted inside the membrane such that 

their final position is against the lower quarter point of the soil specimen (to be as far 

from the major area of disturbance as possible). Then, a stress controlled cyclic torsional 

shear test (similar to laboratory tests) is performed via a loading system which is 

composed of a loading module, a load shaft and a load cell. The load module contains the 

drive elements required for independent application and control of torsional loading and 

axial loading of the specimen. These loads are transferred to the specimen via the load 

shaft which mounts on top of a 2-axis load cell (1200-lb (5.34-kN) axial capacity, 600-in-

lb (67.8 N-m) torsional capacity) attached to the top cap. The DFSD device described by 

Roblee and Riemer (1998) is a complicated tool, and so far, no field evaluation of this 

device has been reported in the literature.  

2.3.4 Phillips,(2000); Axtell (2001); Stokoe et al. (2001); Rathje et al. (2001) 

More recently, a research study was carried out at the University of Texas at 

Austin (UT) to develop a method for measuring the variation of the soil modulus in the 

field, over a wide range of strain levels (Phillips, 2000; Axtell et al., 2001; Stokoe et al., 

2001; Rathje et al., 2001; Stokoe et al., 2004). The basic approach in this method is to 
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apply static and dynamic loads at the surface of the soil deposit being tested, and measure 

the dynamic response of the soil mass beneath the loaded area using embedded 

instrumentation. Figure 2.19 shows the general concept of the method. Phillips (2000) 

and Axtell (2001) performed the first applications of this method at a local soil quarry 

operated by Capitol Aggregates and owned by the Fitzpatrick family, in Austin, Texas. 

Axtell’s (2001) study involved the more comprehensive experimental work and is 

discussed hereafter.   

 

Figure 2.19 Basic approach to performing large-strain dynamic tests in situ (from Axtell, 
2001 and Stokoe et al, 2001). 

Axtell’s (2001) study was mainly focused on vertically loading the soil mass on 

the ground surface and measuring the variation of compression wave velocity, Vp, and 

constrained modulus, Mv, with strain, at shallow depths. He also made a successful 

attempt in loading the soil mass horizontally and assessing the variation of the shear wave 

velocity, Vs, and shear modulus, G, with strain, at shallow depths.  

The test configuration involved installing an array of sensors (geophones) within 

an unsaturated sand deposit (that was present at the test site). Once the instrumentation 
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array was placed at various locations and depths, a circular reinforced concrete footing (4 

ft (1.22 m) in diameter and 1 ft (0.31 m) in thickness) was constructed on top of the 

instrumented soil deposit. The testing procedure started with performing small-strain 

crosshole and downhole seismic tests. Two cased boreholes were installed adjacent to the 

concrete footing and used as crosshole source boreholes. A miniaturized crosshole source 

was used to perform crosshole tests. Measurements of horizontally propagating 

compression waves, Ph, and horizontally propagating and vertically polarized shear 

waves, Shv, were performed between the crosshole source boreholes and the 

instrumentation array within the soil mass. Downhole tests were performed by using the 

two compression-wave sources embedded in the concrete footing. Measurements of 

vertically propagating compression waves, Pv, and vertically propagating and 

horizontally polarized shear waves, Svh, were also performed. The downhole Pv waves 

were generated using the downhole compression-wave sources. The downhole Svh waves 

were created by horizontally tapping on the footing. Both crosshole and downhole tests 

were used to evaluate the small-strain (linear) stiffness of the soil beneath the footing.   

A staged static and dynamic loading sequence was then applied to the soil mass. 

Medium- to large-strain compression wave (Pv) tests were performed by placing a 

vibroseis truck over the concrete footing and applying vertical, static and steady-state 

dynamic loads to the instrumented soil deposit. Figure 2.20 shows the vibroseis truck 

positioned for testing. (A vibroseis truck is an electro-hydraulic shaker used in oil 

exploration as seismic source and is capable of generating controlled vertical steady-state 

dynamic vibrations). Medium- to large-strain shear wave (Svh) tests were performed with 

a pendulum hammer mechanism that was used to apply transient horizontal dynamic 

loads to the side of the footing. The pendulum hammer was capable of producing large 
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shear loading, depending on the height of release. Figure 2.21 shows the pendulum shear 

hammer that was used to apply horizontal loading.   
 
 

Dynamic Loading System 

Footing 

Leveling Planks 

 

Figure 2.20 First-generation vibroseis truck in position over the footing for large-strain 
vertical loading (from Axtell, 2001). 

 

Figure 2.21 Pendulum shear hammer used for large-strain horizontal loading (from 
Axtell, 2001). 

A schematic illustration of the loading sequences for vertical and horizontal 

loadings is shown in Figure 2.22. At each test stage, a static load was first applied to the 

footing and then increasing levels of vertical and horizontal loadings were applied. 
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Increasing levels of vertical loading were applied by the vibroseis truck as a sinusoidal 

loading centered around the static load.  

 

     (a) 

 

     (b) 

Figure 2.22 Schematic illustration of the testing sequence used in the small-strain and 
large-strain (a) Pv-wave measurements (b) Svh-wave measurements (from 
Axtel, 2001). 

Increasing levels of horizontal loading were achieved by releasing the pendulum 

shear hammer from increasing heights in order to produce higher horizontal impacts. 
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Small-strain tests were repeated after each static load was applied to the footing to 

identify if any changes had been caused by the larger loading.   

Compression modulus and axial strain values were evaluated using the results 

from steady-state tests. Shear modulus and shear strain values were evaluated using the 

results from impact shear wave tests. The equations used to calculate the soil moduli 

were: 

 
2
vpv VM ρ=                                                                                                          (2.9) 

 
2

vhSvh VG ρ=                                                                                                       (2.10) 

 
where vM  is the constrained modulus in the vertical direction, vhG  is shear modulus, pV  

is the compression wave velocity, 
vhSV  is shear wave velocity, and ρ  is the total mass 

density of soil. The axial and shear strain levels in the soil were evaluated at each 

geophone location and were calculated by assuming plane wave propagation by: 

 

vpPPVp VU=ε                                                                                                 (2.11) 

 

vhSPPV VU=γ                                                                                                   (2.12) 

 
where pε  is the peak axial strain, γ  is the peak shear strain, and PPVU  is the peak 

particle velocity measured with the geophone (in Pv tests, vertically oriented geophones; 

in Shv tests, horizontally oriented geophones). 

The variation of normalized moduli with peak axial strain (Mv/ Mv,max – log εP) 

evaluated at an average depth of 13 in. (330.2 mm) beneath the footing is shown in 
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Figure 2.23.  The variation of normalized shear modulus with peak shear strain (G/Gmax – 

log γ) evaluated at an average depth of 15 in. (381 mm) beneath the footing is shown in 

Figure 2.24.  Results on Figures 2.23 and 2.24 indicate that nonlinear behavior was 

generated in the sand. Also, the in-situ Mv/Mv,max – log eP and G/Gmax – log 

γ relationships show good agreement with the mean sand curve presented by Seed et al. 

(1986). (‘Although the curves presented by Seed et al. (1986) were developed for only 

normalized shear modulus (G/Gmax), the generalized relationship with strain is also valid 

for normalized constrained modulus (M/Mmax), because the sand tested in this study was 

only 12 % saturated and M and G can be related by Poisson’s ratio, ν, even though ν may 

vary nonlinearly with strains’, Stokoe et al., 2001). 
 

 

Figure 2.23 Variation of vertical constrained compression modulus with vertical axial 
strain from in situ measurement of sand at an average depth of 13 in. (330.2 
mm) beneath the footing base (from Axtell, 2001). 
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Figure 2.24 Variation of shear modulus with shear strain from in situ measurement of 
sand at an average depth of 15 in. (381 mm) beneath the footing base (from 
Axtell, 2001). 

The initial experimental results obtained from Phillips’ (2000) and Axtell’s (2001) 

studies proved that the method is worthwhile and can be improved to provide a practical 

way of measuring in situ soil properties over a wide range of strain levels.  A new 

generation of equipment, including a triaxial vibroseis truck that is capable of generating 

large dynamic forces in three directions, has been developed (under the NEES 

consortium) based on the results of this initial work.  

2.4 SUMMARY 

There are few notable studies where the effect of strain amplitude on shear 

modulus has been studied in the field. Some of these studies involve back-calculation of 

soil properties using strong-motion records measured at several points in a soil column 

(Zeghal, et al., 1995; Chang et. al., 1996; Ghayamghamian and Kawakami, 2000; 
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Kokusho et al., 1996 and 2004). Most of the back-calculated soil properties show 

significant scatter, most likely from the limited number of sensor points in the soil 

column. Nevertheless, comparisons of back-calculated G/Gmax - logγ curves with those 

measured in the laboratory or with empirical curves proposed in the literature seem to 

indicate that the back-calculated G/Gmax - logγ curve is below or close to the laboratory 

and/or empirical curves. It is important to note here that effect of confining pressure is 

neglected in most of the studies mentioned here. But the potential of this approach is is 

clearly significant, with highly nonlinear measurements being possible.  

Few methods have been proposed to directly measure nonlinear soil properties in 

the field (Henke and Henke, 1993b and 2002; Salgado et al., 1997; Roblee and Riemer, 

1998; Stokoe et al. 2001). Henke and Henke (1993b) developed a torsional-cylindrical-

impulse-shear test (TCIST) where an instrumented cylinder probe is pushed into the soil 

and excited at selected levels of torsional impulses. Free-vibration measurements of 

torque and angular accelerations were made at the instrumented head. Simulations of the 

field test are done using an analytical model to find soil properties that will match the 

computed accelerations with those that are measured. The TCIST method was evaluated 

at two field sites. One of the sites was mainly consisting of silty clay and silty sand, and 

the other consisted of silty sand. At the first site, field tests were performed at a depth 

range of 15 ft (4.6 m) to 30 ft (8.2 m). At this site, the field inferred normalized shear 

modulus reduction curves show good agreement with those measured in the laboratory 

data (Figure 2.10). At the second site, field tests were performed at a depth range of 10 ft 

to 32 ft (3.2 m to 9.75 m). Figure 2.11 shows the comparison of the field test results with 

those obtained in the laboratory and with the empirical curves. The inferred shear 

modulus reduction curve suggests a different trend than that is indicated by the laboratory 

tests data (as well as the empirical curves). 
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Salgado et al. (1997) describe a large-strain-seismic-crosshole test (LSCT) 

method where the results from a modified seismic crosshole test (originally developed by 

Shannon and Wilson and Agbabian Associates, 1976) are used to evaluate field shear 

modulus reduction curves. The test equipment and field procedure are similar to 

conventional crosshole testing except that a larger-energy source is used with a 

mechanism that consists of a hydraulic anchor and a downhole hammer. A cased 

borehole (12 in. (0.3 m) in diameter) is used as the source borehole and three receiver 

boreholes are installed next to the source boreholes. The authors suggests 4, 8, 16 ft (1.2, 

2.4, and 4.9 m, intervals (Figure 2.12). Shear wave velocity measurements are made at 

depth between the source and receiver boreholes. The shear modulus reduction curve is 

obtained by fitting the field measurements to a Hardin-Drnevich hyperbolic stress-strain 

relationship (Hardin and Drnevich, 1972). Field evaluation of the LSCT method was 

done at a site where the soil profile consists of weakly cemented dense sand. The tests 

were performed between depths of 20 and 59 ft (6 and 18 m). Shear modulus reduction 

curves inferred from these tests are presented in Figures 2.14 through 2.17 along with the 

empirical curves.  There is very few field data from which the LSCT normalized shear 

modulus reduction curves are inferred. Comparisons of LSCT results with the empirical 

curves show considerable differences.   

Roblee and Riemer (1998) developed a downhole free-standing shear device 

(DFSD) which involves performing a torsional shear test on a ‘freestanding’ column of 

(clay) soil carved below the bottom of a borehole. The DFSD device is described in detail 

in Section 2.3.3. So far, no field evaluation of this device has been reported in the 

literature. More recently, a research study was carried out at the University of Texas at 

Austin (UT) to develop a method for measuring the variation of the soil modulus in the 

field, over a wide range of strain levels (Phillips, 2000; Axtell et al., 2001; Stokoe et al., 
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2001; Rathje et al., 2001; Stokoe et al., 2004). The basic approach in this method is to 

apply static and dynamic loads at the surface of the soil deposit being tested, and measure 

the dynamic response of the soil mass beneath the loaded area using embedded 

instrumentation. Phillips (2000) and Axtell (2001) performed the first applications of this 

method at an unsaturated sand site. An array of sensors (geophones) are installed within 

the soil deposit, and a shallow circular reinforced concrete footing (4 ft (1.22 m) in 

diameter is constructed on top of the instrumented soil deposit. The testing procedure 

involved performing small-strain crosshole and downhole seismic tests to obtain the 

small-strain (linear) stiffness of the soil beneath the footing. A staged static and dynamic 

loading sequence was then applied to the soil mass through the footing. Medium- to 

large-strain compression wave (Pv) tests were performed by placing a vibroseis truck over 

the concrete footing and applying vertical, static and steady-state dynamic loads to the 

instrumented soil deposit. Medium- to large-strain shear wave (Svh) tests were performed 

with a pendulum hammer mechanism that was used to apply transient horizontal dynamic 

loads to the side of the footing. The soil moduli reduction curves were constructed from 

the suite of loading stages. Constrained compression modulus and shear modulus 

reduction curves evaluated at 15 in. (381 mm) depth beneath the center of the footing are 

presented in Figures 2.23 and 2.24, respectively. Field results compare well with the 

empirical curves. In Table 2.5 a summary of information that shows comparison of field 

and laboratory measurements of shear modulus curve from the case studies presented in 

this section is given. The information in Table 2.5 shows that, generally, there is a good 

agreement between the field and laboratory evaluations of shear modulus curve. 

However, there are very few measurements, only eight studies over the past decade. In 

fact, only four of these studies involve active sources such as the generalized field 

method presented in this dissertation. Therefore, further research is needed in this area.
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Table 2.5 Comparison of field evaluated shear modulus curve with laboratory measurements and/or empirical curves 

 (G/ Gmax)field / (G/ Gmax) lab  
or  

(G/ Gmax) field / (G/ Gmax) empirical 
 

Author Depth (m) Soil Type Reference curve 

γ = 0.01% γ =0.03% γ =0.1% 

Zeghal et al. (1995) 0 -6 m, 0- 11 m, and  
0 -17 m silty sand , sandy silt Laboratory ~ 0.9 ~0.9 ~1.0 

Chang et al. (1997) 0 -6 m, 0- 11 m, and  
0 -17 m silty sand , sandy silt Laboratory ~ 0.8 ~ 0.7 ~ 0.8 

0 - 30 m silt and sand Seed et al. (1970 & 
1984, Sand) ~ 1.3 ~ 1.4 NA Ghayamghamian and 

Kawakami (2000) 0 - 40 m sand and  gravel Seed et al. (1970 & 
1984, Sand) ~1.2 ~1 ~1 

varying depths of 20 
m  to 100 m clay Kokusho et al. (1982, 

PI=40-83) ~1 ~1 ~1 

varying depths of 5 
m to 80 m silt Kokusho et al. (Sand, 

σc'=98 kPa) ~1.1 ~1 ~1 

varying depths of 0 
m  to 50 m sand Kokusho et al. (Sand, 

σc'=98 kPa) ~1 ~1 ~1 
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Kokusho et al. 
(2004) 

varying depths of 15 
m  to 100 m gravel Kokusho and Tanaka, 

1994,  σc'=98 kPa) ~1.2 ~1.3 NA 

4.6 m silty clay Laboratory ~1 ~1 ~1 
5.5 m silty clay Laboratory ~1.1 ~1.1 ~1.1 
6.4 m silty sand Laboratory ~1 ~1 ~1.1 
8.2 m silty sand Laboratory ~1.1 ~1.1 ~0.9 

Henke and Henke 
(2002) 

3.2 m to 9.75 m sand, silty sand Laboratory ~1.1 ~0.8 ~0.8 
6 m and  7.5 m weakly cemented sand Seed and Idriss (1970) ~0.8 ~0.9 ~1 

9 m, 10.5 m and 12m weakly cemented sand Seed and Idriss (1970) ~0.8 ~0.9 ~1 Salgado et al. (1997) 
13.5 m and 15.5 m weakly cemented sand Seed and Idriss (1970) ~0.8 ~0.9 ~1 A

ct
iv

e 
So

ur
ce

s 

Phillips (2000) and 
Axtell (2001) 16.5 m and 18 m sand   Seed and Idriss (1986) ~1 NA NA 
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Chapter 3:  Soil Conditions at the Test Site 

3.1 INTRODUCTION 

In this chapter, the results of a site characterization study of the field site are 

presented. The field site is located in south Austin. The location of the site relative to the 

location of The University of Texas at Austin is illustrated in Figure 3.1. The site is 

owned by the Fitzpatrick family, and they have graciously allowed this research project 

to be conducted on their property. The actual test site is 50 ft by 50 ft (15.3 m by 15.3 m) 

in plan. It is a natural soil area. Figure 3.2 shows a picture of the site. Initially, the soil 

properties at the test site were investigated during December 2004 and February 2005. 

Information about the soil properties at specific test locations was collected during the 

course of the research study. The results of the initial site investigation studies are 

presented in this chapter. Subsequent chapters include localized soil properties obtained 

from samples collected in the vicinity of the specific test locations.   

3.2 STANDARD PENETRATION TESTS AND DISTURBED SAMPLE COLLECTION 

Two, Standard Penetration Test (SPT) boreholes (each 36 ft (11.0 m) deep) and 

two, 3-in. (76.2 mm) O.D. Shelby-tube sampling boreholes (14.5 ft (4.4 m) and 9.5 ft (2.9 

m) deep) were drilled at the test site on December 14, 2004. A plan view of the test site 

showing the locations of boreholes is given in Figure 3.3. The boreholes were drilled to a 

depth of 36 ft (11.0 m) feet using a 7-in. (177.8-mm) O.D. hollow-stem auger. The static 

ground water level was found to be at a depth of 21.5 ft (6.6 m). The profiling was 

stopped at a depth of 36 ft (11.0 m) because the top of the shale layer was encountered. 

SPT blow counts were obtained at 2.5-ft (0.76-m) depth intervals up to a 25 ft (7.6 m) 

depth and at 5-ft (1.52-m) depth intervals thereafter. A Model CME-75 drill rig that was 
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equipped with an automatic drive hammer was used to conduct the SPT tests. A picture 

of the SPT equipment is given in Figure 3.4. At each sampling depth, a standard split 

spoon sampler was used to obtain representative disturbed samples. Pictures of these 

disturbed samples (taken at the field to create a visual archive of the soil types 

encountered during SPT profiling) are shown in Figure 3.5. 

Capitol Aggregates 
Test Site 

The University of 
Texas at Austin 

 
Figure 3.1 Location of the test site in Austin, Texas. 

 
Figure 3.2 Test site located in the privately owned ranch of the Fitzpatrick family in 

south Austin, November 2004. 

Test Site
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Figure 3.3 Plan view of the test site. 

SPT testing and soil sampling were performed in accordance with ASTM D 1586. 

Corrected SPT blow count values, N1,60, were calculated as recommended by NCEER-97-

0022 (1997) and the resulting SPT profiles are plotted in Figure 3.6. Values of field and 

corrected blow counts for each borehole are given in Table 3.1. During the process of 

testing, representative water content samples from each depth were taken in the field, as 

soon as the split spoon sampler was recovered. Samples were weighed immediately on 

the site and kept secure for oven drying in the laboratory. Variation of the water content 

with depth at the time of the SPT tests (December 14, 2004) is shown in Figure 3.7. 



 57

Figure 3.4 Drill rig used in Standard Penetration Tests, December 2004 

Figure 3.5 Typical soil samples recovered during SPT profiling, December 2004. 
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Figure 3.6 Variation of corrected SPT blow counts with depth obtained from testing on 
December 14, 2004. 
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Table 3.1 Values of field and corrected SPT blow counts obtained at the site on 
December 14, 2004. 

Borehole 
No. 

Depth, 
ft 

Field N, 
bpf 

N60,  
bpf 

N1,60,  
bpf 

D1 1.0 13 15 29 
  3.5 8 9 18 
  6.0 8 9 16 
  8.5 14 16 24 
  11.0 12 15 20 
  13.5 19 24 29 
  16.0 19 27 30 
  18.5 6 9 9 
  21.0 2 3 3 
  23.5 22 31 28 
  26.0 11 16 13 
  31.0 13 19 15 
  36.0 100 shale shale 

D2 1.0 12 13 27 
  3.5 6 7 13 
  6.0 8 9 16 
  8.5 5 6 8 
  11.0 10 13 17 
  13.5 13 17 20 
  16.0 9 13 14 
  18.5 8 11 12 
  21.0 10 14 14 
  23.5 14 20 18 
  26.0 6 9 7 
  31.0 18 27 21 
  36.0 100 shale shale 
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Figure 3.7 Variation of water content with depth obtained from SPT samples at the site 
on December 14, 2004. 

Disturbed soil samples (collected using the split spoon sampler) were tested in the 

laboratory at UT. Grain size analyses with wet sieving, Atterberg limits and hydrometer 

analyses tests, conducted in accordance with ASTM standards (ASTM D 2217, ASTM D 

4318, and ASTM D 422, respectively) revealed that the top 14 ft (4.3 m) of soil at the site 

is comprised of non-plastic silt (ML) with silty sand (SM) layer in the top 1.5 ft (0.46 m) 
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and bottom 1.5 ft (0.46 m) of the 14-ft (4.3-m) deep profile. Grain size distribution curves 

determined by sieve analysis using sieve sizes that are greater than or equal to ASTM No. 

200 sieve (0.075 mm) are shown in Figure 3.8. Grain size distribution curves determined 

by combined sieve and hydrometer analysis for two samples representing depths of 6.0 ft 

(1.8 m) and 9.0 ft (2.7 m) are given in Figure 3.9. Results from Atterberg limits tests 

indicated that the fine grained material is composed of non-plastic silt. Soil classification, 

according to Unified Soil Classification System (USCS) for the top 14 ft (4.3 m) of soil is 

given in Table 3.2. The variation of the fines content (percentage by weight of particles 

passing ASTM No. 200 sieve) with depth is illustrated in Figure 3.10.  

Figure 3.8  Grain size distribution curves (for particle size larger than 0.075 mm) 
determined from disturbed samples representing top 14 ft (4.3 m) of soil 
material at the site. 
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Figure 3.9 Grain size distribution curves (combined sieve and hydrometer analysis) 
determined from specimens collected from depths of 6.0 ft (1.8 m) and 9.2 ft 
(2.8 m). 

Table 3.2 USCS soil classification for the top 14 ft of soil at the site. 

Borehole 
No. 

Depth Range,
ft 

Fines 
Content, 

% 

Soil 
Classification, 

USCS 
0- 1.5 28 SM 
2.5-4.0 58 ML 
5.0- 6.5 65 ML 
7.5- 9.0 82 ML 

10.0- 11.5 83 ML 

D1 

12.5- 14.0 25 SM 
0- 1.5 14 SM 
2.5-4.0 51 ML 
5.0- 6.5 61 ML 
7.5- 9.0 84 ML 

10.0- 11.5 80 ML 

D2 

12.5- 14.0 23 SM 
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Figure 3.10 Variation of fines content with depth for the top 14 ft (4.3m) of soil at the 
site. 

3.3 UNDISTURBED SAMPLE COLLECTION 

Intact soil samples were collected by pushing thin-walled sampling tubes into the 

soil adjacent to the test area. The purposes of collecting undisturbed samples were to 

prepare intact specimens for dynamic laboratory testing as well as to obtain information 

on unit weight and degree of saturation. Two sampling boreholes (S1 which was 14.5 ft 

(4.4 m) and S2 which was 9.5 ft (2.9 m) deep), with 3-in. (76.2-mm) O.D. ASTM thin-
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walled Shelby tubes were used to obtain the samples. The undisturbed sampling was 

performed on the same day that SPT testing was conducted. The locations of the 

sampling boreholes are shown in Figure 3.3. Shelby tube samples were obtained at 2.5-ft 

(0.76-m) depth intervals and the sampling procedure was in accordance with ASTM D 

1587. The Shelby tubes were sealed with wax in the field and transported to the 

laboratory. Figure 3.11 shows pictures of the sampling process in the field.  

 

     (a)                     (b) 

Figure 3.11 Undisturbed sample collection, December 2004: (a) 3-in. (76.2-mm) O.D. 
ASTM thin-walled sampling tubes were pushed into the soil using the SPT 
drill rig, and (b) the sampling tubes were sealed with wax in the field and 
then transported to the laboratory in a wooden sampling box.  

In the laboratory, the Shelby tubes were cut into ~6-in. (152-mm) sections with a 

four-wheel cutter and weighed immediately after cutting to calculate the approximate unit 

weights. To ensure minimum disturbance, each ~6-in. (152-mm) section of the tube was 
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cut lengthwise on four opposite sides such that it was possible to split the steel tube into 

four pieces. An intact soil sample was then carefully removed from the tube pieces 

without any need for extrusion. Upon removal from the tube, samples were carefully 

trimmed in preparation for dynamic laboratory testing. Water content samples were taken 

from the trimmings of each specimen. Figure 3.12 and 3.13 show pictures of the 

procedure to prepare the intact samples.   

 
(a) 

 

 

 

 

 

 

 
 

(b) 

Figure 3.12 Undisturbed sample preparation: (a) four-wheel cutter was used to cut small 
sections of the thin walled tube, and (b) the tube was cut lengthwise to be 
able to remove the soil with minimal disturbance.  
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Figure 3.13 After removing from the tube, the soil sample was trimmed carefully using 
various hand tools.  

Due to the fragile nature of the soil, it was not possible to get intact test specimens 

at every attempt. However, it was possible to obtain two, 2-in. diameter undisturbed test 

specimens for nonlinear dynamic testing. Table 3.3 gives a summary of information 

obtained from the undisturbed samples. A specific gravity value of 2.68 was assumed in 

calculating the void ratio and degree of saturation of each soil specimen. Figures 3.7 and 

3.10 include the water contents and fine contents, respectively, obtained from the 

undisturbed samples. Information about total unit weight, dry unit weight, water content, 

and degree of saturation of the top 14 ft (4.3 m) of the soil as obtained from undisturbed 

samples is plotted in Figure 3.14.  

3.4 SMALL STRAIN VS PROFILES (SPECTRAL-ANALYSIS-OF-SURFACE-WAVES TESTS) 

On February 3, 2005, conventional spectral-analysis-of-surface-waves (SASW) 

testing was performed at the site to evaluate two, small-strain shear wave velocity 

profiles. Testing was conducted along two perpendicular arrays that were centered within 

the 50 ft by 50 ft test area. The approximate locations of these arrays are shown in Figure 

3.3.  
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Table 3.3 Summary of soil index properties determined from undisturbed samples. 

Depth, 
 ft 

Water 
Content, % 

Total Unit 
Weight,  

pcf 

Dry Unit 
Weight,  

pcf 

Void 
 Ratio* 

Degree of 
Saturation*, 

 % 
3.5 25 118.0 94.4 0.77 87 
4.5 24 121.9 98.0 0.71 93 
6.0 16 131.1 113.0 0.48 89 
8.4 22 118.3 97.1 0.72 81 
9.2 24 122.7 99.1 0.69 93 

10.6 18 107.3 90.9 0.84 57 
11.6 10 99.7 90.7 0.84 31 

*Specific gravity, Gs, is assumed to be 2.68. 
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Figure 3.14 Index properties of the top 14 ft (4.3 m) of soil at the test site as obtained 

from the undisturbed samples. 
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The basic configuration of the source and receivers used in field testing at each 

array location is illustrated in Figure 3.15. One-dimensional Mark Products Model L-4 

velocity transducers with a natural frequency of 1 Hz were used as the vertical receivers.  

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Schematic diagram of the generalized equipment arrangement used in 
spectral-analysis-of-surface-waves (SASW) testing (from Stokoe et al., 
1994a). 

Two types of sources were used to generate energy over the required frequency 

ranges. At shorter receiver spacings (2, 4 and 8 ft (0.6, 1.2 and 2.4 m)), a sledge hammer 

was employed as a source. At longer spacings (15, 30 and 60 ft (4.6, 9.1 and 18.3 m)), 

"Thumper" (the nees@UTexas mobile shaker) was used as the source of the surface wave 

energy. In the case of Thumper, the source was used in the stepped-sine mode. The data 

acquisition system was a VXI technology, 48-channel dynamic signal analyzer. The VXI 

system was used to collect the time records and to perform calculations in the frequency 

domain so that the relative phase of the cross-power spectrum was reviewed at each 

receiver spacing.  
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Two shear wave velocity profiles were obtained from SASW testing. The 

composite experimental dispersion curves that were constructed from the data collected 

in the field at each SASW array are presented in Figures 3.16 and 3.17 for Lines A and B, 

respectively. The theoretical dispersion curves that were fitted to these experimental 

dispersion curves are also shown in the figures. The two shear wave velocity profiles are 

presented in Figure 3.18. Tabulated values of SASW shear wave velocity profiles are 

given in Tables 3.4 and 3.5. The curves on Figure 3.18 indicate that the two arrays 

produced the same shear wave velocity profile except for slight differences in the top 7 ft 

(2.1 m) of soil. The shear wave velocity of the top 1 ft (0.3 m) is unusually low in both 

profiles, likely due to the rainy weather conditions that existed on the day of testing. Both 

profiles agree well and indicate that the site has an increasing stiffness with depth. The 

significant increase (jump) in Vs at an average depth of about 38 ft (11.6 m) observed in 

the SASW shear wave velocity profiles is consistent with the shale layer encountered at a 

depth of about 36 ft (11.0 m) during SPT profiling.  

To have a better understanding of the soil properties of the top 14 ft (4.3 m), the 

scatter in the composite field dispersion curves was studied further. Variability in the 

shear wave velocity due to scatter in the constructed field dispersion curves was 

determined by fitting alternative theoretical dispersion curves to the data. These 

theoretical curves were fitted to the upper and lower boundaries of the observed scatter in 

the composite field dispersion curves. The resulting variability in shear wave velocity is 

shown in Figure 3.19, where the shear wave velocity profiles from two arrays were 

redrawn in an attempt to focus on the top 14 ft (4.3 m) of soil material. The boundary 

theoretical curves are shown in Figures 3.20 and 3.21 for Lines A and B, respectively. 

The shear wave velocity values that are determined from boundary theoretical dispersion 

curves are listed in Tables 3.6 and 3.7 for Lines A and B, respectively. 
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Figure 3.16 Theoretical dispersion curve fit to the composite experimental dispersion 
curve at SASW-Line A. 

 

Figure 3.17 Theoretical dispersion curve fit to the composite experimental dispersion 
curve at SASW-Line B. 
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Figure 3.18 Shear wave velocity profiles determined from SASW testing at the site on 
February 3, 2005.  

Table 3.4 Tabulated values of best-fit wave velocity profile at the site: SASW- Line A. 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Compression 
Wave 

Velocity*, fps 

Shear Wave 
Velocity, 

fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 
0 1 635 320 0.33 110 
1 1.5 834  420  0.33 110 

2.5 4.5 1072 540 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the 
water table, Vp was assumed equal to 5000 fps.  
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Table 3.5 Tabulated values of best-fit wave velocity profile at the site: SASW- Line B. 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Compression 
Wave 

Velocity*, fps 

Shear Wave 
Velocity, 

fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 
0 1 675 340 0.33 110 
1 1.5 953 480 0.33 110 

2.5 4.5 1013 510 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the 
water table, Vp was assumed equal to 5000 fps.  
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Figure 3.19 Shear wave velocity profiles for the top 14 ft of soil determined from SASW 

testing on February 3, 2005 (variability of the shear wave velocity due to the 
scatter in the composite field dispersion curve was taken into account) 
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Figure 3.20 Two bounding theoretical dispersion curves fit to the composite 
experimental dispersion curve at SASW-Line A. 

 

Figure 3.21 Two bounding theoretical dispersion curves fit to the composite 
experimental dispersion curve at SASW-Line B. 
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Table 3.6 Tabulated values of boundary wave velocity profiles at the site: SASW- 
Line A. 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Upper and Lower 
Bound 

Compression Wave 
Velocity*, fps 

Upper and 
Lower Bound 
Shear Wave 
Velocity, fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight,  
pcf 

0 1 635 320 0.33 110 
1 1.5 834 420 0.33 110 

2.5 4.5 993, 1132 500, 570 0.33 110 
7 7 1271, 1350 640, 680 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the 
water table, Vp was assumed equal to 5000 fps.  

 

Table 3.7 Tabulated values of boundary wave velocity profiles at the site: SASW- 
Line B. 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Upper and Lower 
Bound 

Compression Wave 
Velocity*, fps 

Upper and 
Lower Bound 
Shear Wave 
Velocity, fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight,  
pcf 

0 1 675 340 0.33 110 
1 1.5 933, 973 470, 490 0.33 110 

2.5 4.5 953, 1112 480, 560 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the 
water table, Vp was assumed equal to 5000 fps. 

3.5 LINEAR AND NONLINEAR DYNAMIC LABORATORY TESTING (INITIAL RESONANT 
      COLUMN-TORSIONAL SHEAR TESTS)  

Two, 2-in. (51 mm) diameter specimens were trimmed from undisturbed soil 

samples from approximate depths of 6.0 ft (1.8 m) and 9.2 ft (2.8 m).  The location of the 

sampling borehole (Borehole S1) is shown in Figure 3.3. Each of the tests specimens was 

tested using the combined resonant column and torsional shear (RCTS) device to 
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determine the variation of the shear modulus and material damping with the level of shear 

strain.  The effects of various parameters on the shear modulus and material damping are 

conveniently evaluated in the laboratory with a RCTS device as discussed by Stokoe et 

al. (1994b).   

RCTS test specimens were prepared with minimum disturbance as discussed 

previously. Both specimens are classified as nonplastic silt, ML. Pictures of the 

undisturbed specimens, before RCTS testing, are shown in Figure 3.22.  The sizes of the 

specimens and their initial index properties are summarized in Table 3.8. 

 

   (a)       (b) 

Figure 3.22 Intact specimens trimmed from undisturbed samples for dynamic laboratory 
tests: (a) RCTS Specimen No.1 (Depth: 6.0 ft (1.8 m), USCS: ML), and (b) 
RCTS Specimen No.2 (Depth: 9.2 ft (2.8 m), USCS: ML).   

After initial preparation, the specimens were tested in a fixed-free RCTS device in 

the UT Soil Dynamics Laboratory by Mr. Jung Jae Lee. The specimens were tested at 

five isotropic confining pressures (1.5, 3, 6, 12 and 24 psi, (10.3, 20.7, 41.4, 82.8, and 

165.5 kPa)). At confining pressures of 1.5, 3, and 12 psi (10.3, 20.7, and 82.8 kPa), the 

specimens were excited only with low-amplitude shear strains (γ < 0.001%).             



 76

  At confining pressures of 6 and 24 psi (41.4 and 165.5 kPa), after the low-

amplitude testing was completed at these pressures, each specimen was subjected to high-

amplitude testing to determine nonlinear behavior.   

Table 3.8 Initial Properties of the Undisturbed RCTS Test Specimens 

Specimen No. 1 2 
Specimen Depth, ft 6.0 9.2 
Soil Classification, USCS ML ML 
Fines Content, % 67 83 
Diameter, D, inch 2.00 2.015 
Height, H, inch 4.00 3.70 
Total Unit Weight, γt, pcf 131.1 122.7 
Water Content, w, % 16 24 
Dry Unit Weight, γd, pcf 113.0 99.1 
Void Ratio, e* 0.48 0.69 
Degree of Saturation, Sr*, % 89 93 

*Specific Gravity, Gs, is assumed to be 2.68. 

3.5.1 Dynamic Soil Properties in the Linear Strain Range 

The variations of dynamic properties in the linear strain range (Vs, Gmax and Dmin) 

with confining pressure are presented in Figures 3.23 through 3.25. The log Vs – log σo 

and log Gmax – log σo relationships for each specimen are composed of two linear 

segments, with the intersection of each segment assumed to occur at the in-situ maximum 

previous mean total stress, σmp. As illustrated in Figures 3.23 and 3.25, the linear 

segments can be expressed by equations that are listed in Table 3.9.  

For both undisturbed specimens, the values of the confining stress at the 

intersection of the two linear segments of the log Vs – log σo and log Gmax – log σo 

relationships are approximately equal to the estimated in-situ mean stress, using a 

coefficient of earth pressure at-rest (Ko) of 0.5 (~3.6 psi (24.8 kPa) for Specimen No. 1 

and ~5.2 psi (35.8 kPa) for Specimen No 2). The value of Ko of 0.5 indicates that the 

specimens are likely normally consolidated.  
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Figure 3.23 Variation of low-amplitude shear wave velocity with isotropic confining 
pressure obtained from resonant column tests for two sandy silt specimens. 
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Figure 3.24 Variation of low-amplitude shear modulus with isotropic confining pressure 
obtained from resonant column tests for two sandy silt specimens. 
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Figure 3.25 Variation of low-amplitude material damping ratio with isotropic confining 
pressure obtained from resonant column tests for two sandy silt specimens. 
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Table 3.9 Equations representing the log Vs – log σo and log Gmax – log σo 
relationships for two RCTS samples 

  Vs – log σo Gmax – log σo 
Specimen No. 1 σο ≤ 

4.5 psi (31 kPa) 
Vs=0.1115 log σο  + 

2.3360 
Gmax=0.2202 log σο  + 

2.3486 
 σο ≥  

4.5 psi (31 kPa) 
Vs=0.2628 log σο  + 

1.9404 
Gmax=0.5312 log σο  + 

1.4738 
Specimen No. 2 σο ≤  

6.1 psi (42 kPa) 
Vs=0.1448 log σο  + 

2.2326 
Gmax=0.2908 log σο  + 

2.0440 
 σο ≥ 

 6.1 psi (42 kPa) 
Vs=0.2670 log σο  + 

1.8728 
Gmax=0.5379 log σο  + 

1.3173 

Figures 3.23 and 3.24 also show that the stiffness increases with decreasing void 

ratio. This is observed from Specimen No. 1 (e = 0.48) having a higher Vs (therefore 

Gmax) value than Specimen No. 2 (e = 0.69) at a given confining pressure. Figure 3.25 

shows that Specimen No. 1 also has higher material damping than Specimen No. 2. This 

difference can be interpreted as material damping decreasing as void ratio increases 

(Hardin and Drenvich, 1972).   

The effect of excitation frequency on Vs, Gmax and Dmin was also evaluated using 

combined RCTS testing. Figures 3.26 through 3.28 illustrate the variation of Vs, Gmax and 

Dmin with excitation frequency, respectively. The effect of excitation frequency is 

relatively small for both specimens. For Specimen No. 1, at σo = 6 psi, Vs and Gmax 

increased by 5 % and 10 % for excitation frequency increasing from 1 to 54 Hz. For 

Specimen No. 2, at σo = 6 psi, Vs and Gmax increased by 6 % and 11 % for excitation 

frequency increasing from 1 to 49 Hz. For Specimen No. 1, at σo = 24 psi, Vs and Gmax 

increased by 3 % and 7 % for excitation frequency increasing from 1 to 79 Hz. For 

Specimen No. 2, at σo = 6 psi, Vs and Gmax increased by 2 % and 3 % for excitation 

frequency increasing from 1 to 73 Hz.  
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Figure 3.26 Variation in low-amplitude shear wave velocity with loading frequency 
from combined RCTS tests for two sandy silt specimens. 
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Figure 3.27 Variation in low-amplitude shear modulus with loading frequency from 
combined RCTS tests for two sandy silt specimens. 
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Figure 3.28 Variation in low-amplitude material damping ratio with loading frequency 

from combined RCTS tests for two sandy silt specimens. 

3.5.2 Dynamic Soil Properties in the Nonlinear Strain Range 

Dynamic properties in the nonlinear strain range, represented by the variation of 

shear modulus, G, normalized shear modulus G/Gmax, and material damping ratio, D, 

with shear strain amplitude, are shown in Figures 3.29, 3.30 and 3.31, respectively. The 

maximum shear strain level that was generated in the tests was 0.040% at a confining 

pressure of 6 psi (41.4 kPa) and 0.051% at a confining pressure of 24 psi (165.5 kPa) for 

Specimen No. 1.  For Specimen No. 2, these values were 0.038% and 0.196%, 

respectively. 
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Figure 3.29 Comparison of the variation in shear modulus with shear strain at two 
isotropic confining pressures obtained from resonant column tests of two 
intact specimens. 
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Figure 3.30 Comparison of the variation in normalized shear modulus with shear strain 
at two isotropic confining pressures obtained from resonant column tests of 
two intact specimens. 
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Figure 3.31 Comparison of the variation in material damping ratio with shear strain at 
two isotropic confining pressures obtained from resonant column tests of 
two intact specimens. 

The nonlinear behavior can be expressed by the reference strain, γr, which is 

simply the value of γ at G/Gmax = 0.5 (Darendeli, 2001) and by the elastic threshold shear 

strain, γt
e, which is the value of γ below which G is independent of strain amplitude and 

equal to Gmax. From Figure 3.30, the value of the reference shear strain, γr, at σo= 6 psi is 

about 0.045% and 0.05% for Specimens No. 1 and No. 2, respectively.  At σo= 24 psi 

(165.5 kPa), γr values are about 0.08% and 0.09% for Specimens No. 1 and No. 2, 
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respectively. The value of the elastic threshold shear strain, γt
e, at 6 psi (41.4 kPa) is 

about 0.0007% for Specimen No. 1 and 0.0011% for Specimen No. 2.  At σo of 24 psi 

(165.5 kPa), γt
e values are about 0.0009% and 0.0014% for Specimen No. 1 and No. 2, 

respectively. Figure 3.30 also shows the effect of confining pressure on the G/Gmax–log γ 

curves, which is the same for both specimens. As the confining pressure increases, the 

value of elastic threshold shear strain increases and the G/Gmax–log γ relationship shifts to 

higher strains as described above by γt
e and γr increasing with increasing σo. Similarly, 

Figure 3.31 shows that the effect of confining pressure on D–log γ curves is the same for 

both specimens. As the confining pressure increases, D–log γ relationship shifts to higher 

strains while simultaneously shifting downward. 

To compare, G/Gmax–log γ curves obtained from RC tests are plotted together 

with the modulus reduction curves proposed by Seed et al. (1986) and Darendeli (2001). 

Figure 3.32 and 3.33 show the comparison at 6 psi (41.4 kPa) and at 24 psi (165.5 kPa), 

respectively.  Both figures show that RC test curves are close to the upper bound curve 

for sands presented by Seed et. al. (1986) and plus one standard deviation of curves 

proposed by Darendeli (2001) for sands at the 6-psi (41.4-kPa) and 24-psi (165.5-kPa) 

confining pressure levels.  

Figure 3.34 and Figure 3.35 show comparisons of the D–log γ curves from RC 

tests with those proposed by Seed et al. (1986) and Darendeli (2001). The RC test data 

are closer to the lower bound curve of Seed et al. (1986) and the minus one standard 

deviation curve proposed by Darendeli (2001) at the 6 psi (41.4 kPa) and at 24 psi (165.5 

kPa) confining pressure levels. 
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Figure 3.32 Comparison of the variation in normalized shear modulus with shear strain 
at isotropic confining pressure of 6 psi (41.4 kPa) from the resonant column 
tests with modulus reduction curves proposed by Seed et al. (1986) and 
Darendeli (2001). 
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Figure 3.33 Comparison of the variation in normalized shear modulus with shear strain 
at isotropic confining pressure of 24 psi (165.5 kPa) from the resonant 
column tests with modulus reduction curves proposed by Seed et al. (1986) 
and Darendeli (2001). 
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Figure 3.34 Comparison of the variation material damping ratio with shear strain at 
isotropic confining pressure of 6 psi (41.4 kPa) from the resonant column 
tests with modulus reduction curves proposed by Seed et al. (1986) and 
Darendeli (2001). 
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Figure 3.35 Comparison of the variation in material damping ratio with shear strain at 
isotropic confining pressure of 24 psi (165.5 kPa) from the resonant column 
tests with material damping ratio curves proposed by Seed et al. (1986) and 
Darendeli (2001). 
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To evaluate the effects of number of loading cycles, N, and exciting frequency, f, 

on G/Gmax – log γ curve, normalized modulus reduction curves from combined RCTS 

tests are plotted in Figures 3.36 through 3.39. As seen in Figures 3.36 through 3.39, there 

is not any significant effect of N and f on the G/Gmax – log γ curves. The effects of N and 

f on the D - log γ curves are shown in Figures 3.40 through 3.43. It is possible to observe 

the effect of N and f on D, as shown in Figures 3.40 through 3.43. At large shear strain 

values, D decreases with increasing N at a constant γ which is typical of granular soils  

(Darendeli, 2001). Also, value of Dmin from TS test is less than that measured in RC tests 

due to the effect of frequency as noted earlier. 
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Figure 3.36 Comparison of the variation in normalized shear modulus with shear strain 

at an isotropic confining pressure of 6 psi (41.4 kPa) obtained from 
combined resonant column and torsional shear tests of Specimen No. 1.  
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Figure 3.37 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of of 24 psi (165.5 kPa) obtained from 
resonant column and torsional shear tests of Specimen No. 1. 
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Figure 3.38 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 6 psi (41.4 kPa) obtained from resonant 
column and torsional shear tests of Specimen No. 2. 
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Figure 3.39 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of of 24 psi (165.5 kPa) obtained from 
resonant column and torsional shear tests of Specimen No. 2. 

 

 

 



 96

Q
uality Factor, Q

10-5 10-4 10-3 10-2 10-1 100

Shearing Strain, γ , %

10

8

6

4

2

0

M
at

er
ia

l D
am

pi
ng

 R
at

io
, D

 %

5 .0

10.0

RC ~1000th cycle (f = 39.8 Hz ~ 54.4 Hz)
 TS 1st cycle (f = 0.5 Hz)
 TS 10th cycle (f = 0.5 Hz)
 

Note: Problem with Measurements in
           Material Damping Ratio at TS Test
           at  γ  < 0.002  % 

Isotropic Confining Pressure = 6.0  psi 

Specimen No.1
(Depth = 6.0 ft, USCS = ML, w = 16.0%,
 γtotal = 131.1 pcf)

Shearing Strains in RC Test were
corrected to the average of the 
firs t 3 free-vibration cycles

 

Figure 3.40 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 6 psi (41.4 kPa) obtained from resonant 
column and torsional shear tests of Specimen No. 1. 
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Figure 3.41 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 24 psi (165.5 kPa) obtained from resonant 
column and torsional shear tests of Specimen No. 1. 
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Figure 3.42 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 6 psi (41.4 kPa) obtained from resonant 
column and torsional shear tests of Specimen No. 2. 

 



 99

Q
uality Factor, Q

10-5 10-4 10-3 10-2 10-1 100

Shearing Strain, γ , %

10

8

6

4

2

0

M
at

er
ia

l D
am

pi
ng

 R
at

io
, D

 %

5 .0

10.0

RC ~1000th cycle  (f = 43.6 ~ 72.8 Hz)
 TS 1st cycle (f = 0.5 Hz)
 TS 10th cycle (f =0.5 Hz)
 

Shearing Strains in RC Test were
corrected to the average of the 
firs t 3 free-vibration cycles

Isotropic Confining Pressure = 24.0  psi 

Specimen No.2
(Depth = 9.2 ft, USCS = ML, w = 24.0%,
  γtotal = 122.7 pcf)

 
Figure 3.43 Comparison of the variation in material damping ratio with shear strain at 

isotropic confining pressure of 24 psi (165.5 kPa) obtained from resonant 
column and torsional shear tests of Specimen No. 2. 

3.6 CONE PENETRATION TESTS (CPT), APRIL 2006  

On April 24, 2006, five cone penetration tests (CPT) were conducted at the test 

site by Fugro Geosciences, Inc. The locations are shown in Figure 3.3. The tests were 

performed in accordance with ASTM D3441. Three of these locations, represented as 

CPT-1, CPT-2 and CPT-3 on Figure 3.3, were selected to be close to the locations at 

which the dynamic field tests (described in the subsequent chapters of this dissertation) 



 100

were performed. The CPT tests were performed after all research work in the field was 

completed. Figure 3.44 shows pictures of the equipment that were used in CPT testing. 

The resulting information is presented in Figures 3.45 through 3.49. In these figures 

variation of the tip resistance, the side friction and their ratio with depth are shown.  

Figure 3.45 through 3.49 indicate that the first three CPT sites (i.e. CPT-1, CPT-2 and 

CPT-3) which are close to the two test locations (see Figure 3.3), show that the top ~5 ft 

(1.5 m) of soil profile is sandy, and the fines content increases between depths of 5 ft to 

10 (1.5 to 3.0m) ft (based on the ratio between the tip resistance and side friction). The 

dynamic field testing depth at the first location of (using Shaft A) is between 3 and 4 ft 

(0.8 to 1.2 m). The testing depth at the second location (using Shaft D) is between 6 and 7 

ft (1.8 to 2.1 m). 

 

    (a)             (b) 
Figure 3.44 CPT test were performed by Fugro Geosciences, Inc.: (a) equipment truck, 

and b) instrumented cone tip that was pushed in the ground; April 24, 2006. 
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Figure 3.45 Cone penetration test results from location CPT-1 (close to Shaft D); April 24, 2006. 

Testing depth 
using Shaft D 
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Figure 3.46 Cone penetration test results from location CPT-2 (close to Shaft A and D; April 24, 2006.) 

Testing depth 
using Shaft A 
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Figure 3.47 Cone penetration test results from location CPT-3 (close to Shaft A, SPT-D1 and S1); April 24, 2006.  
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Figure 3.48 Cone penetration test results from location CPT-4; April 24, 2006. 
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Figure 3.49 Cone penetration test results from location CPT-5 (close to SPT-D2); April 24, 2006. 
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3.7 SUMMARY 

Linear and nonlinear soil properties of the test site are characterized by means of 

field and laboratory testing. Two, Standard Penetration Test (SPT) boreholes (each 36 ft 

(11.0 m) deep) and two, 3-in. (76.2-mm) O.D. thin-walled tube sampling boreholes (14.5 

ft (4.4 m) and 9.5 ft (2.9 m) deep) were drilled at the field test site on December 14, 2004. 

The SPT profiles of the site are given in Figure 3.6 and tabulated in Table 3.1. Disturbed 

and undisturbed samples collected from the boreholes were tested in the laboratory at UT. 

Index property tests, conducted in accordance with ASTM standards, revealed that the 

top 14 ft (4.3 m) of soil at the site is comprised of non-plastic silt (ML), with silty sand 

(SM) layers in the top 1.5 ft (0.46 m) and bottom 1.5 ft (0.46 m) of the 14-feet (4.3-m) 

deep profile. Information about the fines content, water content and unit weight, degree 

of saturation, and void ratio of the top 14 ft (4.3 m) of the soil material as obtained from 

the disturbed and undisturbed samples are plotted in Figures 3.10, 3.7 and 3.14, 

respectively.   

SASW testing was performed at the site (on February 3, 2005) to evaluate the 

shear wave velocity profile. Two SASW arrays were performed. The resulting shear 

wave velocity profiles are shown in Figure 3.18. The two shear wave velocity profiles 

agree well (except for slight differences in the top 7.0 ft (2.1 m) of soil and indicate that 

the site has an increasing stiffness with depth. The significant increase (jump) in Vs at an 

average depth of about 38 ft (11.6 m) observed in the SASW shear wave velocity profiles 

is consistent with the shale layer encountered at about 36 ft (11.0 m) during SPT testing.   

Two combined resonant column and torsional shear (RCTS) tests were conducted 

on undisturbed specimens obtained from approximate depths of 6.0 ft (1.8 m) and 9.2 ft 

(2.8 m). These tests were used to evaluate the linear and nonlinear dynamic properties of 
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the soil at the site. The variations of dynamic properties in the linear strain range (Vs, 

Gmax and Dmin) with confining pressure are presented in Figures 3.23 through 3.25. 

Dynamic properties in the nonlinear strain range, represented by the variation of shear 

modulus, G, normalized shear modulus G/Gmax, and material damping ratio, D, with 

shear strain amplitude, are shown in Figures 3.29, 3.30 and 3.31, respectively. The value 

of the reference shear strain, γr, at σo= 6 psi is about 0.045% and 0.05% for Specimens 

No. 1 and No. 2, respectively. At σo= 24 psi, γr values are about 0.08% and 0.09% for 

Specimens No. 1 and No. 2, respectively. The value of the elastic threshold shear strain, 

γt
e, at 6 psi confining pressure level, is about 0.0007% for Specimen No. 1 and 0.0011% 

for Specimen No. 2. At 24 psi confining pressure level, γt
e values are about 0.0009% and 

0.0014% for Specimen No. 1 and No. 2, respectively.   

The G/Gmax – log γ curves obtained from RC tests match with the upper bound 

curve for sands proposed by Seed et al. (1986) and plus one standard deviation curve for 

sands presented by Darendeli (2001) (see Figures 3.32 and 3.33 for comparisons at σo= 6 

psi and  σo= 24 psi, respectively). The D – log γ curves obtained from RC tests, are close 

to the lower bound curve of Seed et al. (1986) and minus one standard deviation curve of 

Darendeli (2001) (see Figures 3.34 and 3.35 for comparisons at σo= 6 psi and  σo= 24 psi, 

respectively). CPT tests were also conducted on April 24, 2006. The results are shown in 

Figures 3.45 through 3.49. 

Additional information representing the soil properties at specific test locations 

were collected during the course of the research study. Subsequent chapters include 

localized soil properties obtained from samples collected from the field in the vicinity of 

the specific test locations. 
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Chapter 4:  General Field Set-Up and Test Procedures 

4.1 INTRODUCTION  

In this chapter, the configuration, equipment and instrumentation used in the 

linear and nonlinear field tests are described, and the test procedures that were followed 

in the field are discussed. The general field test method involves loading a drilled shaft 

(constructed at the test site) dynamically in the vertical direction to generate shear waves 

that horizontally propagate away from the sides of the shaft. Measurements using 

embedded instrumentation are made at depth in the soil adjacent to the sides of the drilled 

shaft. The drilled shafts and the vibroseis trucks are the two major sources used to create 

controlled shear waves at depth in the soil deposit. Hand-held hammers and drop weights 

were also used as first-generation sources. The instrumentation used for measuring the 

response of the soil to the excitation includes embedded geophones and a data acquisition 

system. Detailed descriptions of the equipment and instrumentation system as well as the 

generalized field testing procedure are presented below.  

4.2 GENERAL TEST CONFIGURATION AND FIELD SET-UP 

The test configuration used in the field allows soil at depth to be loaded in shear 

by vertically exciting a drilled shaft that extends from the ground surface to a pre-selected 

depth. The measurement area consists of an array of 1-D vertical velocity transducers 

installed at depth in the soil adjacent to the sides of the shaft. A general illustration of this 

field set-up is shown in Figure 4.1. A 15-in. (381 mm) diameter drilled concrete shaft 

(constructed at the site) is instrumented with vertical velocity transducers (also called 

geophones or sensors herein) at two or more depths within the shaft. The shaft is 

extended about 6 in. (152 mm) above the ground surface to allow the loading system to  
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Figure 4.1 Schematic illustration of the generalized field test configuration. 
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be mounted. Three or more small-diameter (as small as 2 in. (51m)) boreholes are 

installed in the soil adjacent to the shaft at successively larger radial distances from the 

shaft. The distance from the edge of the drilled shaft to the nearest borehole is as close as 

4 to 6 in. (102 to 152 mm). The boreholes are instrumented with vertical velocity 

transducers (geophones) at two or more depths (approximately 12 in. (305 mm) apart). 

The actual depths are selected such that the sensors are in the soil layer of concern and 

are not located near the bottom of the shaft. (The middle portion of the shaft was the 

location used in this research). This set-up results in generation and measurement of 

horizontally propagating shear waves with vertical particle motion (SV or Shv waves).  

4.2.1 Concrete Drilled Shafts 

Four concrete drilled shafts, each approximately 15 in. (381 mm) in diameter, 

were constructed at the field site on December 17, 2004. Three of these shafts are 12 ft 

(3.7 m) in length, and one of the shafts is 6 ft (1.8 m) long. All shafts were extended ~6 

in. (~152 mm) above the ground surface. Locations of the shafts within the field site are 

shown in Figure 3.3. Two of the shafts were used in this research work. These shafts are 

referred as Shaft A (6 ft (1.8 m) long) and Shaft D (12 ft (3.7 m) long) hereafter. The 

concrete shafts were reinforced with a steel cage and were constructed using concrete 

having a compressive strength of approximately 4800 psi (33 MPa). The concrete used to 

cast the shafts had a maximum aggregate size of 3/8 in. (9.5 mm) and a target slump of 7 

to 9 in. (178 to 229 mm). Professor Sharon L. Wood and Joshua S. Black were 

responsible for the design and construction of the drilled shafts. The boreholes for the 

shafts were drilled by McKinney Drilling Company from Buda, TX. The reinforcing cage 

for Shaft A had #4 deformed reinforcing bars as the longitudinal reinforcement and 

annealed W2.9 wire spirals (outside diameter of 10.5 in. (268 mm) and a pitch of 3.0 in. 

(76 mm) as the transverse reinforcement. The reinforcing cage for Shaft D had #3 
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deformed reinforcing bars as the longitudinal reinforcement and annealed W2.9 wire 

spirals (outside diameter of 10.5 in. (268 mm) and a pitch of 1.25 in. (32 mm) as the 

transverse reinforcement (Black, 2005). Figure 4.2 shows a picture of the reinforcing 

cage being constructed, before it was placed in the shaft. Prior to construction, the rebar 

cage of each drilled shaft was instrumented with 1-D sensors at two locations so that 

dynamic movements of the shaft could be monitored. Each 1-D sensor was composed of 

a vertically oriented velocity transducer (geophone) housed in a 1.5-in (38-mm) diameter 

by 2.1-in. (53-mm) long acrylic case.  Each geophone had a natural frequency of 14 Hz. 

Calibration details of the 14-Hz geophones are given in the Appendix A. A close-up 

picture showing the 1-D geophone attached to the rebar of the shaft is presented in Figure 

4.3.   

 
Figure 4.2 The reinforcement cage for the 6-ft (1.8-m) long shaft. 

 
Figure 4.3 1-D (vertical) sensor attached to the rebar of the drilled shaft prior to 

casting. 

Longitudinal 
reinforcing bar 

14-Hz Geophone 
oriented in 
vertical direction 
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Conventional geotechnical engineering procedures were followed during the 

construction of the concrete drilled shafts. A light-duty drill rig fitted with a helix auger 

(12-in. (304 mm) O.D.) was used for the drilling. Drilling was performed in the dry and 

the unsupported borehole remained open throughout the operation. The size of the 

borehole was approximately 15 in. (381 mm). Figures 4.4 and 4.5 show pictures from the 

site during construction of the concrete drilled shafts. 

 
(a) 

 
(b) 

Figure 4.4 Construction of the concrete drilled shafts: (a) reinforcement cages for the 
four shafts, (b) drilling the hole for Shaft A (from NEES Soil-Foundation-
Structure Interaction project (principal investigator, S.L.Wood) website, 
www.ce.utexas.edu/prof/wood/neesdemo/). 
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Figure 4.5 Placing the reinforcement cage in the drilled hole and casting the concrete 

for Shaft A, the unsupported borehole remained open without caving 
throughout the operation (from NEES Soil-Foundation-Structure Interaction 
project (principal investigator, S.L.Wood) website, 
www.ce.utexas.edu/prof/wood/neesdemo/). 

After a curing period of approximately one month, modal hammer tests were 

performed on the concrete drilled shafts to obtain information on the resonance modes in 

the vertical direction and to estimate the unconstrained compression wave velocity along 

the shaft. Small vertical impacts were applied on top of the shaft using an instrumented 

hammer (PCB Model 086B01 and PCB Model 086B20) and the responses of the velocity 

transducers (geophones) embedded in the drilled shaft were recorded along with the input 

motion (instrumented hammer). An accelerometer attached to the top of the shaft was 
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also recorded. The resulting waveforms recorded were analyzed to gather information on 

the wave velocity and the resonant frequencies of the shafts in the vertical direction. 

Typical time-domain records are shown in Figure 4.6a and b for Shafts A and D, 

respectively. Typical frequency-domain records are shown in Figure 4.7a and b for Shafts 

A and D, respectively. 

In the time domain, the velocity of the unconstrained compression wave (Vc) 

propagating along the shaft was calculated using the arrival times (Figure 4.6). In the 

frequency domain, frequency response curves of the geophones embedded in the concrete 

as well as an accelerometer attached to the top of the shaft were evaluated to obtain 

resonant frequencies in the 1st, 2nd and 3rd modes of vibration (Figure 4.7). An 

idealization of a wave traveling along a one-dimensional rod with free-free end 

conditions was also used to estimate the wave velocities which should be comparable 

with those calculated using arrival times.  

Information obtained from the model hammer tests are summarized in Tables 4.1 

and 4.2. Concrete cylinder samples were also tested in the UT soil dynamics laboratory 

by Mr. Seong Yeol Jeon. Constrained compression wave, unconstrained compression 

wave, and shear wave velocities (hence constrained, Young's and shear moduli) of the 

concrete as well as the material damping ratios for unconstrained compression wave and 

shear wave propagation were measured. Resulting information from the laboratory tests 

on the concrete cylinders is presented in Table 4.3.   

A comparison of field and laboratory measurements of Vc in the first resonance 

mode shows that the field and in the laboratory measurements are in agreement (see 

Tables 4.1, 4.2 and 4.3). As expected, estimated material damping ratios from field 

measurements are higher than those measured in the laboratory since the field 

measurements also include radiation damping. 
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(b) 

Figure 4.6 Recorded waveforms in the time domain from modal hammer tests: (a) 
Shaft A, and (b) Shaft D. 
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Figure 4.7 Recorded waveforms in the frequency domain from modal hammer tests: (a) 
Shaft A, and (b) Shaft D. 
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Table 4.1 Wave velocities of the concrete drilled shafts in vertical mode obtained from 
time histories recorded during modal hammer tests (January 19, 2005) 

  SHAFT A SHAFT D 
Diameter , in.  15  15  
Length*, ft  6.5 12.5  
Distance Interval, ft  2.0  5.3 
Time Interval, sec 0.00015625 0.00041015 
Wave Velocity (Vc)**, fps  12800  12800 
Young's Modulus, E, psi  4.44E+03 4.44E+03 

* Length of the shafts shown here are the total lengths (including the 6-in. length above  
  ground level). 
** Vc: Unconstrained compression wave velocity.  
*** Unit weight of 131.8 pcf is used in the calculations (see Table 4.3).  
 

Table 4.2 Resonance modes of the concrete drilled shafts obtained form frequency 
response curves recorded during modal hammer tests (January 19, 2005). 

   SHAFT A SHAFT D 
1 st Mode Resonance Frequency, Hz  980 500 
 Estimated Wave Velocity (Vc)* ,fps 12740 12500 
 Estimated Material Damping Ratio**,% 10 15 
2nd Mode Resonance Frequency, Hz  1820 1050 
 Estimated Wave Velocity (Vc)*, fps 11380 13125 
 Estimated Material Damping Ratio**, % NA 6 
3rd Mode Resonance Frequency, Hz  NA 1500 
 Estimated Wave Velocity (Vc)*, fps NA 12500 
 Estimated Material Damping Ratio**, % NA 5 

*Assuming the conditions for wave propagation along one-dimensional rod with free-free  
  end conditions.  
**Based on the shape of the response curve using the half-power bandwidth method. 
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Table 4.3 Laboratory test results from resonance and direct-arrival tests of concrete 
cylinders (January 16, 2005). 

Cylinder  No 1 2 3 
Date of Concrete  17-Dec-04 17-Dec-04 17-Dec-04 
Date of Laboratory Testing 16-Jan-05 16-Jan-05 16-Jan-05 
Cylinder Age 31 days 31 days 31 days 
Length, inch 8.03 8.04 8.04 
Diameter, inch 4.03 4.03 4.04 
Weight, g 3567.7 3569.4 3538.0 
Unit Weight, pcf 132.7 132.1 130.5 
Vc, fps 12585 12558 12522 
E, psi 4.53E+06 4.49E+06 4.41E+06 
Dc, % 0.37 0.39 0.48 
Vs, fps 7991 8050 8060 
G, psi 1.83E+06 1.85E+06 1.83E+06 
Ds, % 0.38 0.55 0.49 
Vp, fps 13851 13388 13232 
M, psi 5.49E+06 5.11E+06 4.93E+06 

(M, G) 0.25 0.22 0.21 
(E, M) 0.25 0.22 0.20 ν 
(E, G) 0.24 0.22 0.21 

 

4.2.2 Instrumentation of Soil Deposit 

4.2.2.1 Sensors 

Two types of sensors were used to instrument the soil adjacent to the concrete 

drilled shafts. The two types of sensors are referred as Type A and Type B hereafter. 

Type A sensors are designed to operate in an open borehole that is approximately 2 in. 

(51 mm) in diameter. These sensors consist of single, 14-Hz geophones oriented in the 

vertical direction. Calibration of these geophones is discussed in Appendix A. Each 

sensor is housed in an acrylic case which has an inflatable air bladder mounted on one 

side. A picture of the Type A sensor is shown in Figure 4.8. 
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     (a)           (b) 

Figure 4.8 Type A Sensor: 1-D vertical geophone that was used to instrument the soil 
deposit in the initial field tests: (a) individual components, (b) assembled 
sensor. 

Aluminum caps are attached to the top and bottom of the Type A sensor and a 

square neck is machined on the top cap. The square neck on the top cap allows a guide 

rod to be attached to the sensor to allow proper orientation during installation. The 

finished sensors are 1.5 in. (38 mm) in diameter and 3.1 in. (79 mm) in length. The total 

unit weight of the completed sensor is approximately 122 pcf (19 kN/m3). These sensors 

were used in the initial tests with Shaft A. 

Type B sensors are designed to be embedded in the soil deposit (placed in a 

borehole and backfill packed around them). Type B sensors were adopted in the later 

stages of the field work. These sensors also consist of single, 14-Hz geophones oriented 

in the vertical direction. Each sensor is housed in an acrylic case which is 1.5 in. (38 mm) 

in diameter. An aluminum cap is attached to the top and a square neck is machined on the 

top cap. The square neck on the top cap allows a guide rod to be attached to the sensor for 
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orientation during installation. The finished sensors are 1.5 in. (38 mm) in diameter and 

2.1 in. (53 mm) in length. The total unit weight of the completed sensor is approximately 

135 pcf (21 kN/m3). These sensors were used in the main portion of the field tests. A 

picture of a Type B sensor is shown in Figure 4.9.   

 

      (a)            (b) 
Figure 4.9 Type B Sensor: 1-D (vertical) geophone that was used to instrument the soil 

deposit in the main part of the field tests: (a) individual components, (b) 
assembled sensor. 

4.2.2.2 Installation of Sensors 

Type A sensors are installed at the desired depths using the following procedure. 

A 2-in. (51-mm) diameter thin-walled sampling tube is pushed into the ground to advance 

the borehole in 24-in. (0.6-m) intervals. The tube is pushed and recovered using the cone-

penetrometer functionality of T-Rex (a large hydraulic mobile shaker, see Section 4.2.3). 

This procedure allows open vertical boreholes to be constructed. Figure 4.10 illustrates 

the construction of a sensor borehole. A plywood sheets were also placed on the ground 

surface during the installation process to avoid disturbing of the ground surface while 

working.   
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(a) 

 

(b 
Figure 4.10 Installation of boreholes for Type A sensors: (a) 2-in. (51-mm) diameter thin 

walled sampling tubes are pushed into and recovered from the soil adjacent 
to the drilled shaft using the cone penetrometer functionality of T-Rex, and 
(b) the verticality of the borehole is checked while the sampling tube was 
advancing into the soil (plywood sheets are placed on the ground surface 
during the installation process to avoid disturbing of the ground surface 
while working).   
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The sensors are then lowered into the open boreholes and locked at the desired 

elevations by inflating the air bladders attached to the side of the sensors. A hand pump is 

used to inflate the air bladders, and the pressure level is monitored with a pressure gage at 

the surface. The orientation of each sensor is achieved by using a square aluminum rod 

that extends to the ground surface on one end and has a slip fit with the square neck of 

the sensor on the other end. The orientation rod is removed once the sensor is locked in 

position. Figure 4.11 illustrates the installation of a Type A sensor. 
 

  
 

  
    (a)        (b) 
Figure 4.11 Installation of Type A sensors: (a) a bicycle pump with a pressure gauge is 

used for inflating and deflating the air bladder, and (b) an aluminum rod is 
used as a guide while lowering the sensors in the boreholes. 

Type B sensors are installed using the following procedure. A 2.5-in. (64-mm) 

diameter thin-walled sampling tube is pushed into the ground to advance the borehole in 

24-in. (0.6-m) intervals. The tube is pushed and recovered using the cone penetrometer 

functionality of T-Rex (Figure 4.12a). Each time the tube is recovered, the soil is 
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extruded and kept in a bucket (to be used in backfilling later), the tube is cleaned, and the 

empty tube is pushed back into the ground (Figure 4.12b). This process is continued until 

the borehole is advanced to the desired depth. 

 
    (a)            (b) 
Figure 4.12 Installation of boreholes for Type B sensors: (a) 2.5-in. (64-mm) diameter 

thin walled sampling tubes are pushed into and recovered from the soil 
adjacent to the drilled shaft using the cone-penetrometer functionality of T-
Rex, and (b) the soil is extruded each time the tube is recovered and kept in 
a bucket to be used in backfilling the borehole with sensors inside.  

Before lowering the first sensor into the open borehole, the borehole is backfilled 

to the correct installation depth for the Type B sensor. Then, the sensor is lowered into 

the borehole using the aluminum rod as a guide and placed on the side of the borehole 

that is closest to the shaft. The soil that has been extruded from the tubes is backfilled 

around the sensor while the sensor is held in place with the guide rod. To ensure that the 

sensor is at the correct location, the guide rod is kept in place until the borehole is 

backfilled up to the top of sensor. Small diameter steel rods are used to compact the soil 

between the sensor and the borehole walls. 
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Once the backfilling process is completed up to the level of the top of the sensor, 

the guide rod is carefully removed while ensuring that the sensor does not get pulled up 

during the retraction of the rod. Backfilling the open borehole is then continued using 

various sizes of steel and wooden rods to compact the soil into 3 to 4 in. (76 to 102 mm) 

lifts while keeping the cable of the sensor against one side of the borehole. Another 

sensor at a shallower level (approximately 1 ft above the first sensor) is placed in the 

same borehole following the same procedure. Figure 4.13 illustrates the installation of 

Type B sensors. 

 
   (a)           (b) 

 
   (c)           (d) 
Figure 4.13 Installation of Type B sensors: (a) an aluminum rod is used as a guide while 

lowering the sensor into the borehole, (b) the borehole is backfilled using 
the soil that has been extruded, (c) and (d) various rods are used to compact 
the soil in the hole while the sensor is in place.  
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4.2.3 Load Cells and Linear Potentiometers 

Load cells are used to monitor vertical loads that are applied to the shaft during 

static and dynamic tests. Two different capacity (50 kip (222 kN) and 200 kip (890 kN), 

respectively) load cells are used during the field tests. A 10-V, DC power supply is 

needed to operate the load cells. The specifications and calibration information of the 

load cells (supplied by the manufacturer, Interface Force) are given in Appendix A. 

During the tests, the load cell is placed in the center of the shaft, between the shaft and 

the vibroseis truck (static and dynamic load source). The load cells are shown in Figure 

4.14. 

 
         (a)              (b) 
Figure 4.14 Load cells: (a) 50 kip (222.4 kN) capacity, and (b) 200 kip (889.6 kN) 

capacity. 

Linear potentiometers (Figure 4.15) with a 2-in. (51 mm) range of motion and a 

measurement precision of ± 0.0005 in. (± 0.0127 mm)) are used to monitor the vertical 

displacements of the shaft, mainly during the static load tests. Linear potentiometers are 

also utilized during the high-force dynamic loading of the shafts to estimate the 

permanent vertical displacements caused by the dynamic cycles of loading. A 10-V, DC 

power supply is needed to operate the linear potentiometers. The linear potentiometers 
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were calibrated by Mr. Andrew Sheehan (Sheehan, 2005), and the calibration plots are 

presented in Appendix A.  

 

Figure 4.15 Linear potentiometers with a 2-in. (51-mm) range of motion and a 
measurement precision of ± 0.0005 in. (± 0.012 7 mm).  

4.2.4 First-Generation Dynamic Sources (Hammers and Drop Weight) 

In the first-generation field testing, impact sources are used to strike the top of the 

shaft in the vertical direction. These source are: 1) hand-held hammers which are used to 

generate small impulses with varying frequency contents (Figure 4.16a), (2) a 140-lb 

(623-N) drop weight with a drop mechanism that allows different drop heights (Figure 

4.16b). The hand-held hammers allow small impacts to be generated at the top of the 

shaft. The impacts create low-amplitude waves in the adjacent soil mass.  The drop 

weight is used to strike the top of the shaft from successively increasing heights to 

produce larger force levels. 

4.2.5 Second-Generation Dynamic Sources (Vibroseis Trucks) 

In the second-generation field testing, two vibroseis trucks with different 

capacities are used to load the shafts in the vertical direction, both statically and 

dynamically. Both trucks are capable of generating motion at a fixed frequency for a 



 127

fixed number of loading cycles through a base plate that operates on a hydraulic ram. The 

smaller capacity vibroseis shaker (called 'Thumper', see Figure 4.17) can generate peak 

dynamic forces up to 6 kips (27 kN). The larger capacity vibroseis truck (called 'T-Rex', 

Figure 4.18) can generate peak dynamic forces up to 50 kips (222 kN). The specifications 

of the vibroseis trucks are given in Appendix A. 

 
      (a)                        (b) 

Figure 4.16 Impact sources used during the first stage of field testing: (a) varying sizes 
and types of hand-held hammers, and (b) 140-lb (623-N) drop weight. 

 

Figure 4.17 Vibroseis truck, called 'Thumper', manufactured by IVI, Inc. and owned by 
nees@utexas equipment site (peak dynamic forces up to 6 kips (27 kN)).  
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(b) 

Figure 4.18 Vibroseis truck, called 'T-Rex', manufactured by IVI, Inc. and owned by 
nees@utexas equipment site (peak dynamic forces up to 50 kip (222 kN). 

4.2.6 Data Acquisition System and Function Generator 

Field tests are controlled, monitored and recorded through a multi-channel data 

acquisition system. The VXI technology data acquisition system has a capacity to record 

a total of 72 channels at any given time. Sixty-four out of 72 channels can record signals 

with a sampling rate up to 50 ksamples/sec. Eight other channels can record signals with 

a sampling rate up to 200 ksamples/sec. Specifications of the VXI data acquisition system 

are given in Appendix A.  

The higher sampling rate is advantageous for dynamic tests to obtain more 

resolution; therefore the faster eight channels are used during most of the second-

generation dynamic tests. A professional software program (SignalCalc 620 developed by 

Data Physics) provides signal analyzer functions for the VXI hardware. The software 

program is operated through a notebook computer (Panasonic Toughbook-29). The 
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software also has a throughput recording option that allows recording at a relatively faster 

sampling rate for a long period of time. This option is used during the static load tests.  

In the second-generation tests, a function generator (Agilent Model 33120A) is 

used together with the data acquisition system to externally control the vibroseis trucks. 

The function generator can generate a sinusoidal signal with a specified amplitude, 

frequency and number of cycles. When the function generator is connected to the 

vibroseis truck, the truck outputs the specified excitation. The specifications of the 

function generator (supplied by the manufacturer) are given in Appendix A. Figure 4.19 

shows the configuration in which the various components of controlling, monitoring and 

recording equipment are used during field testing.  
 

 

Figure 4.19 Various components of controlling, monitoring and recording equipment 
that are used in field tests. 
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4.3 GENERAL PROCEDURE FOR FIELD TESTS 

Following the installation of the embedded instrumentation and after connecting 

all equipment, a series of staged dynamic tests is conducted using a variety of energy 

sources that allow loading the drilled shaft with successively larger forces. In the first-

generation tests, staged testing is performed using only impact sources. In the second-

generation tests, vibroseis trucks (Thumper and T-Rex) are employed to perform dynamic 

tests under controlled loading conditions. During the second-generation tests, quick static 

load tests are also performed before, during and after the dynamic testing to monitor the 

static movement of the shaft due to vertical loading.  

4.3.1 First-Generation Dynamic Testing Procedure  

In the first-generation testing procedure, two types of vertical impact sources are 

employed. The dynamic sources are: (1) hand-held hammers which are used to generate 

small impulses with varying frequency contents, and (2) a 140-lb (623-N) drop weight 

with a drop mechanism that allows different drop heights. 

First, hand-held hammers are used to generate small impacts at the top of the 

shaft. The impacts create low-amplitude waves in the adjacent soil mass. Trials using 

varying types and sizes of hammers are conducted to determine the most effective energy 

source (Figure 4.20a). Next, a sledge hammer is used to create larger impacts (Figure 

4.20b). 

A drop-weight system is the next larger source that is used to generate shear 

waves in the soil. The drop weight was used to strike the top of the shaft from 

successively increasing heights to produce successfully larger impacts (Figure 4.20c). 

Tests with hand-held hammers are repeated each time after the larger impact source was 

employed to identify any changes that may have been caused by the larger excitation 

levels. 
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  (a)      (b) 

 

(c) 

Figure 4.20 First-generation staged dynamic testing using impact sources: (a) hand-held 
hammer is first used to generate low-amplitude shear waves, (b) sledge 
hammer is used next to generate larger-amplitude shear waves and (c) 
finally a 140-lb drop-weight system is employed to produce larger impacts. 

Drilled Shaft 

Sensor 
Boreholes

Hammer Sledge 
Hammer

Drilled Shaft 

Sensor Boreholes

Drilled Shaft

140-lb drop weight 

Tripod 
Mechanism 



 132

4.3.2 Second- Generation Dynamic Testing Procedure  

In the second-generation dynamic tests, three types of vertical dynamic sources 

are employed to load the shaft in stages. The dynamic sources are: (1) hand-held 

hammers which are used to generate small impulses with varying frequency contents, (2) 

‘Thumper’ (maximum static load up to 10 kips (45 kN) and peak dynamic forces up to 6 

kips (27 kN)), and (3) ‘T-Rex’, (maximum static load up to 50 kips (222 kN) and peak 

dynamic forces up to 50 kips (222 kN)). This range in dynamic sources allows stage 

testing to be conducted as illustrated in Figure 4.21.  
 

Figure 4.21 Illustration of staged dynamic field testing. (Note: not to scale).  
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In the first stage, hand-held hammers are used to perform tests in the linear strain 

range by generating small impacts at the top of the shaft. The impacts create low-

amplitude waves in the adjacent soil mass. Trials using varying types and sizes of 

hammers are conducted to determine the most effective impulse source (Figure 4.22). 
 

 

Figure 4.22 Various types and sizes of hand-held hammers that are used to create small 
impacts at the top of the shaft in the first (small-strain) stage of dynamic 
testing. 

In the second stage, Thumper is mounted on top of the shaft. The 50-kip (222-kN) 

load cell is placed between the shaft and the base plate of Thumper as shown in Figure 

4.23. It is important that the load cell is centered on the shaft and that the surface of the 

shaft is leveled (typically the top of the shafts had a leveled surface since special care was 

taken during the casting of concrete. However, if necessary, a thin metal disc can be 

attached to the surface of the concrete using a quick cold-weld compound to create a 

leveled surface). 

Embedded Sensors

Various hammers 

Drilled Shaft



 134

 

(a) 

 

(b) 

Figure 4.23 Thumper is positioned above the drilled shaft for the second stage of 
dynamic testing: (a) general layout in the field, and (b) loading plate of 
Thumper is centered above the shaft. 
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Once Thumper is in place and before the base plate (the loading plate) is lowered, 

records of all sensors (in the shaft and in the soil) are collected without any application of 

external load. Then, the base plate of the truck is lowered until it is in touch with the load 

cell, and the output from the load cell is monitored with a multimeter. A small static hold-

down force (the value is determined in the field) is then applied on the shaft through the 

base plate of Thumper. The static hold-down force is controlled manually from the truck. 

The actual load applied to the shaft is continuously monitored through the load cell 

output. Thumper is then operated vertically (using the function generator as an external 

control) to excite the shaft at a fixed frequency (in the range of 30 to 100 Hz) for a fixed 

number of loading cycles. The most effective excitation frequencies are determined in the 

field.  

As illustrated in Figure 4.21, the dynamic loading in each stage is applied in steps. 

The lowest possible dynamic force is first applied to the shaft to create low-amplitude 

waves in the adjacent soil mass. Increasing levels of force are then used to incrementally 

load the shaft. Tests in the small-strain range are repeated after each time a higher 

excitation force level is used to identify any changes caused by the higher-level loading. 

When the amplitude of the dynamic force becomes equal to approximately half of the 

static hold-down force, the static load applied to the shaft is doubled and the same 

sequence of incremental dynamic loading is repeated. The tests are continued until the 

dynamic forces reached ±6 kip (27 kN) (full capacity of Thumper). At least an 8-kip (36 

kN) static hold down force is needed to be able to operate Thumper at its full dynamic 

loading capacity. Figure 4.24 illustrates various steps in the second-stage dynamic testing 

using Thumper as the energy source. 
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   (a)                          (b) 

 

(c) 

Figure 4.24 Dynamic testing using Thumper: (a) the base plate is being lowered, (b) 
static hold down force is adjusted manually on the truck once the base plate 
is in touch with the load cell at the center on the top of the shaft, and (c) 
dynamic testing starts. 
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A similar series of tests is followed in the third-stage testing with T-Rex. Before 

mounting T-Rex on the shaft, a quick static load test (duration of 3 to 5 minutes) is 

performed up to 20 kip (89 kN) to have an idea of the load-settlement behavior of the 

shaft (details along with pictures are given in Section 4.3.5). The loading plate of T-Tex 

is then positioned on the top of the shaft and the dynamic tests are performed in a similar 

procedure as is followed with Thumper. The first dynamic loading level applied with T-

Rex is selected such that there is an overlapping in the induced strain range between the 

tests performed with Thumper and T-Rex. The difference in the test procedure when 

using T-Rex is that quick static load tests are performed each time the static hold-down 

force is increased to monitor the movement of the shaft (details along with pictures are 

given see section 4.3.5). At its full capacity, T-Rex can output ± 50 kip (222 kN) of 

dynamic load with a static hold-down force of 50 kip (222 kN). After a 20-kip (89-kN) 

load is reached a higher capacity load cell (200 kip (890 kN)) is used to monitor the 

applied vertical load. Figure 4.25 shows pictures from the dynamic testing carried out 

using T-Rex as the dynamic energy source. 

4.3.3 Method of Analysis for Dynamic Field Tests 

As the drilled shaft is excited by increasing levels of energy, particle velocity-

time histories of the vertical geophones embedded in the shaft and in the soil are 

collected. In the field, only the approximate strain levels induced in the soil mass are 

estimated. Later, the shear wave propagation velocities and the corresponding strain 

values are evaluated using a Matlab routine (Appendix E). A simple method of analysis is 

followed. The steps in the calculations are given below. 

. 
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(a) 

 

(b) 
Figure 4.25 Dynamic tests using T-Rex: (a) T-Rex is centered above the shaft and the 

base plate is lowered until its in touch with the load cell (a steel cylinder 
screwed into the center of the base plate transmits the load to the load cell) 
while the reference beam is kept in place for monitoring the vertical 
displacement of the shaft, and (b) staged dynamic tests are performed in this 
configuration and for higher-amplitude tests a larger capacity load cell is 
used. 
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1. The average shear wave propagation velocity between adjacent sensors is 

calculated using the time records of the sensors. The time difference observed 

between the time records of two sensors is the travel time. For the records from 

impulse tests (using hammers and the drop weight as sources), the first arrival 

times are picked 'by-eye' as illustrated in Figure 4.26. The value of Δts shown in 

the figure represents the travel time between adjacent sensors G3 and G4. 

 
Figure 4.26 Travel times between sensors are determined from first wave arrival times 

that are picked 'by-eye' from waveforms recorded during impulse tests 
(using hammers and the drop weight as sources). 

2. The geophone records from the steady-state tests (using Thumper and T-Rex to 

load the shaft with a fixed frequency and a fixed number of cycles) are processed 

in a Matlab routine (Appendix E) in which a sinusoidal curve was fit to the 

portion of the geophone record where the steady-state loading occurred. This 

portion of the record is illustrated in Figure 4.27a. The sinusoidal curve fits are 

done using least-square regression. The "time shift" between the fitted sinusoidal 
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waveforms of adjacent sensors is used to calculate the travel time between the 

sensors. The "time-shift" evaluation is illustrated in Figure 4.27b.   

 
(a) 

 
(b) 

Figure 4.27 Records are processed in Matlab to determine travel times between sensors: 
a) a sinusoidal curve fit to the portion of record where steady-state loading 
cycles were applied is shown for one waveform, b) the time shift between 
two fitted sinusoidal curves are used to calculate the travel time. 

      Δt, 
"time shift"

sinusoidal curve fits for two 
waveforms recorded at adjacent 
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3. The calculation of travel time between the sensor in the concrete and the first sensor 

in the soil also involves an adjustment when the sensor in the concrete is not at the 

same elevation with the sensor in the soil. In this case, as expressed in Equation 4.1, 

P-wave travel time in the concrete is added or subtracted from the time difference 

observed on the recorded waveforms, depending on the relative locations of sensors 

(i.e. if the sensor in the concrete is at a shallower depth than the sensor in the soil, the 

P-wave travel time in the concrete is subtracted from the travel time determined by 

the two records; if the sensor in the concrete is at a deeper depth than the sensor in the 

soil, the P-wave travel time in the concrete is added). This equation is: 
 

 cwaveforms Vytt /Δ±Δ=Δ                                              (4.1) 
 
 where waveformstΔ  is the travel time that is determined from the waveforms (recorded 

by the sensor in the concrete and the sensor in the soil), yΔ  is the difference in the 

depth between the sensor in the concrete and the sensor in the soil and cV  is the 

unconstrained compression wave velocity of the concrete. The unconstrained 

compression wave velocity of the concrete shaft is determined in the field by modal 

hammer tests (see Sections 4.2.1). 

4. The average shear wave velocity between adjacent sensors (including the sensor in 

the concrete and the first sensor in the soil) is calculated by dividing the 

horizontal/radial distance between the sensors by the travel time (Equation 4.2). The 

exact distance is determined by excavating the sensors after all testing is finished (see 

Section 4.4). 
 

txVs ΔΔ= /                         (4.2) 
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 where sV  is the shear wave velocity, xΔ is the horizontal/radial distance between the 

sensors and tΔ  is the travel time (note that when one sensor is in the concrete and the 

other is in the soil, the travel time involves an adjustment as expressed in Equation 

4.1). 

5. The shear modulus is then calculated from the shear wave velocity and the soil mass 

density by (Richart et al., 1970): 
 

2
sVG ρ=                                                                                                              (4.3) 

 

6. The strain amplitudes corresponding to the shear modulus values are calculated using 

a displacement-based approach. The recorded particle velocity-time histories are 

numerically integrated to obtain the displacement-time histories (see Appendix E). 

Peak displacements from displacement-time histories of adjacent sensors are 

calculated as illustrated in Figure 4.28. In Figure 4.28a, records from a steady-state 

test is shown and in Figure 4.28b records from an impulse test is shown. The 

difference between the two peak displacements from adjacent sensors is divided by 

the distance between these sensors to obtain shear strain as:  
 

xuu Δ−= /)( 2112γ                                   (4.4) 
 

 where 12γ  the average shear strain between adjacent sensors and 1u  and 2u  are the 

peak displacements recorded with these sensors. In this calculation, it is assumed that 

displacement varies linearly with distance between adjacent sensors.   

7) The variation of shear modulus with shearing strain amplitude is constructed by 

combining the values of shear modulus and corresponding shearing strain amplitudes 

obtained from the suite of loading stages.   
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    (a) 

 
(b) 

Figure 4.28 Peak displacements at the adjacent sensor locations are used to calculate 
shear strain between adjacent sensors: (a) displacement-time history from a 
steady-state test is shown and, (b) displacement-time history from an 
impulse test is shown. 

u2= (u2max - u2min)/2 

u1= (u1max - u1min)/2 

u2 u1
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The dynamic field tests and the results are discussed in detail in Chapters 5 

through 8. In Chapter 5, all field tests that are performed using Shaft A (a 6-ft long drilled 

shaft) as well as complimentary laboratory tests that are related to the soil around this 

shaft are discussed. In Chapter 6, field measurements and discussion of the resulting 

dynamic soil properties associated with the tests using Shaft A are presented. In Chapter 

7, all field tests that are performed using Shaft D (a 12-ft long drilled shaft) as well as 

complimentary laboratory tests that are related to the soil around this shaft are discussed.  

In Chapter 8 field measurements and discussion of the resulting dynamic soil properties 

associated with the tests using Shaft D are presented. 

4.3.4 Miniature Crosshole Tests  

Miniature crosshole tests are performed to provide an independent measurement 

of small-strain shear wave propagation velocity. A small diameter rod (1.5-in. (38-mm) 

O.D.) with a cone tip is pushed into the ground adjacent to the sensors embedded in the 

soil. Figure 4.29 illustrates the cross-section of the configuration used in the miniature 

crosshole tests.  

A small hand-held hammer instrumented with an accelerometer is used to impact 

the top of the source rod to generate low-amplitude shear waves in the soil. The responses 

from the sensors embedded in the ground at the same level as the bottom of the source 

rod are recorded as well as the accelerometer on the source hammer. The impact is 

reversed (downward/upward) and the test is repeated. By reversing the impact, shear 

waves with a 180-degree phase difference are generated. 

The direct arrival times from both downward and upward impacts are identified 

from the records and are used to calculate the average shear wave propagation velocities 

between each sensor and the source rod. The values of the shear wave velocities 

evaluated from the miniature crosshole tests are compared with the small-strain shear 
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wave velocity values that are obtained using the drilled shaft as the source. Figure 4.30 

shows pictures from the miniature crosshole testing performed adjacent to the shaft. 

Miniature crosshole tests and their results are presented in subsequent chapters where all 

field tests in this research are discussed in detail. 
 

  

 

 

 

 

 

 

 
 
 
 
 
 

Figure 4.29 Cross-section of miniature crosshole test configuration. 

4.3.5 Quick Static Load Tests on the Drilled Shaft  

Quick static load tests are performed during nonlinear field tests to monitor the 

movement of the shaft due to the static hold-down forces applied by the vibroseis loading 

plate. The load cell is used to monitor the applied load and linear potentiometers are used 

to monitor the vertical displacements. The tests are performed in a total time of 3 to 5 

minutes. A 16-ft (4.88-m) long reference frame made of 2 in. (51 mm) by 4 in. (102 mm) 

wooden beams and supported by steel stakes driven 30 in. (762 mm) into the ground is 

used to hold the linear potentiometers and the electric circuits.  
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  (a)      (b) 
Figure 4.30 Miniature crosshole tests are performed adjacent to the shaft: (a) source rod 

with a cone tip is pushed into the soil adjacent to the sensors, and  
(b) instrumented hammer is used to deliver small impacts on the source rod 
to generate low-amplitude shear waves in the soil.  

Three linear potentiometers are positioned at about 90o apart from each other on a 

semi-circle. The stem of each linear potentiometer is lowered and placed in contact with 

the concrete surface of the shaft. The load cell is placed at the center of the shaft, and the 

static load is applied. The output of the load cell and linear potentiometers as well as the 

input voltage is monitored and recorded using the VXI data acquisition system (see 

Section 4.2.6).  

First, loading and unloading to a static level of 20 kips (89 kN) is applied. The 

hydraulic ram on the rear end of T-Rex is used to apply the load as shown in Figure 4.31. 

The maximum force that can be applied by the hydraulic ram is 20 kips (89 kN). The 
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pressure on the hydraulic ram is increased and decreased gradually using the manual 

control in about 4 minutes. The maximum settlement due to the 20-kip (89-kN) static 

load is determined from this test to ensure that the movement of the shaft is small enough 

to continue dynamic testing with higher static hold-down forces.  

Next, the base plate of T-Rex is centered above the shaft. The reference beam has 

to be dismantled and set on the ground so that T-Rex can be placed above the shaft. Once 

T-Rex is in place, the reference beam is re-assembled as shown in Figure 4.32. The center 

of the base plate of T-Rex is aligned over the center of the shaft. During the dynamic 

testing, each time the static hold-down is increased the displacement of the shaft is 

monitored and recorded. Outputs from the linear potentiometers and the load cell are also 

recorded during the first dynamic loading cycles. Figure 4.32 shows the arrangement that 

is used for static load tests. 

 

Figure 4.31 Load-settlement behavior up to 20 kip (89 kN) is obtained using the 
hydraulic ram on the rear end of T-Rex. 
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Figure 4.32 The reference beam is re-mantled once T-Rex is centered above the shaft in 
preparation for dynamic tests. 

The 50-kip (222 kN) load cell is replaced with the 200-kip (890 kN) load cell 

when the total applied forces (dynamic and static) exceed 40 kips (178 kN). In this case, 

the potentiometers has to be repositioned and seated on top of the load cell instead of the 

concrete surface since the diameter of the 200-kip (890 kN) load cell is close to the 

diameter of the shaft. Figure 4.30a and b show the arrangements used in the static load 

tests with 50-kip (222 kN) and the 200-kip (890 kN) load cells, respectively. Static load 

test and their results are discussed in subsequent chapters where all field tests are 

discussed in detail. 
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(a) 

 
(b) 

Figure 4.33 Incremental static load tests are performed in between the dynamic tests, 
three linear potentiometers positioned 90o apart on a semicircle on the top of 
the shaft are used to monitored the movement of the shaft: (a) a 50 kip (222 
kN) capacity load cell is used to monitor loads up to 20 kip (89 kN), and (b) 
a 200 kips (890 kN) capacity load cell is used for loads higher than 20 kip 
(89 kN).  
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4.4 EXCAVATION OF THE TEST AREA  

After all testing is finished, the test area is excavated using a back-hoe and by 

hand to provide an 'autopsy' of the site for the following objectives: 

(1) to look at the sides of the shaft, 

(2) to carefully investigate soil "attached" to the shaft,  

(3) to look for slipped zone next to shaft, 

(4) to accurately determine distance to each sensor, and check sensor orientation 

and depths, 

(5) to expose a vertical cross-section to develop a detailed map of the soil column 

and determine what soil was actually tested. 

4.5 SUMMARY 

The test configuration used in the field allows the soil at depth to be loaded in 

shear by exciting a drilled shaft that extends to the ground surface. The measurement area 

consists of an array of 1-D vertical sensors (geophones) installed at the desired locations 

in the soil adjacent to the shaft.  An illustration of this field set-up is shown in Figure 4.1.  

The test set-up results in the generation and measurement of horizontally propagating and 

vertically polarized shear waves (SV or Shv waves). 

Four concrete drilled shafts, each approximately 15 in. (381 mm) in diameter, 

were constructed at the field site on December 17, 2004. Two of the shafts were used in 

this research work. These shafts are referred to as Shaft A (6 ft (1.8 m) long) and Shaft D 

(12 ft (3.7 m) long). Prior to construction of the shafts, the reinforcement cages of the 

shafts were instrumented with 1-D vertical sensors (identical to the sensor components 

embedded in the soil) at two locations so that dynamic movements of the shafts could be 

monitored. Each 1-D sensor was composed of a vertically oriented velocity transducer 

(geophone). The geophones had a natural frequency of 14 Hz.  
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The general field test procedure involves installation of an embedded array of 1-D 

sensors in the soil adjacent to the drilled shaft. Two types of sensors are designed. Type 

A sensors (1.5 in. (38 mm) in diameter and 3.1 in. (79 mm) in length) are designed to 

operate in open boreholes. Type B sensors (1.5 in. (38 mm) in diameter and 2.3 in. (58 

mm) in length) are designed to be embedded in the soil. Each sensor consists of a single, 

14-Hz geophone oriented in the vertical direction. Pictures of the sensors are shown in 

Figure 4.8 and Figure 4.9, respectively.  

Following the installation of instrumentation and connection of all equipment, a 

staged dynamic testing is conducted using a variety of energy sources that allow loading 

the drilled shaft with successively larger forces. Two generations of testing procedures 

have been used.  

In the first-generation series of tests, only impact sources were employed to 

generate shear waves in the adjacent soil mass. First, hand-held hammers were used to 

generate small impacts at the top of the shaft. The impacts create low-amplitude waves in 

the adjacent soil mass. Next, a sledge hammer was used to create larger impacts (Figure 

4.20b). A drop-weight system was then used to strike the top of the shaft from 

successively increasing heights to produce larger impacts (Figure 4.20c).  

The second-generation test procedure involved staged testing (as illustrated in 

Figure 4.21) using three types of vertical dynamic sources. The dynamic sources were: 

(1) hand-held hammers which were used to generate small impulses with varying 

frequency contents, (2) ‘Thumper’ (maximum static load up to 10 kip (45 kN) and peak 

dynamic forces up to 6 kip (27 kN)), and (3) ‘T-Rex’, (maximum static load up to 50 kip 

(222 kN) and peak dynamic forces up to 50 kip (222 kN)). First, hand-held hammers 

were used to generate small impacts at the top of the shaft. Next, Thumper were mounted 

on top of the shaft and operated vertically to excite the shaft at a fixed frequency (in the 
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range of 30 to 100 Hz) for a fixed number of loading cycles. The most effective 

excitation frequencies were determined in the field. The lowest possible dynamic force 

was first applied to the shaft to create low-amplitude waves in the adjacent soil mass. 

Increasing levels of force were then used to incrementally load the shaft. Tests in the 

small-strain range were repeated after each time a higher excitation force level were used 

to identify any changes caused by the higher-level loading.  Once the full capacity of 

Thumper was reached, T-Rex was mounted on top of the shaft. A similar sequence of 

testing steps was applied with T-Rex. 

In both test series, the average shear wave propagation velocity between adjacent 

sensors is calculated using the time records of the sensors. Time differences between the 

direct arrival times determined from the time records of adjacent sensors and/or phase 

differences observed between the time records of adjacent sensors are converted into 

travel times. The average shear wave velocity between adjacent receivers is calculated by 

dividing the distance between the sensors by the travel time. The shear modulus is then 

calculated from the measured shear wave velocity, sV and the total mass density of the 

soil, ρ , by 2
sVG ρ= . The procedure is described in Section 4.3.3. 

The induced strain amplitudes are calculated using a displacement-based 

approach. The particle velocity-time histories recorded at each sensor is processed to 

obtain the displacement-time histories. The strains are then calculated by employing first-

order (linear) interpolation between the displacements calculated at the adjacent sensor 

locations. The procedure is described in Section 4.3.3. 

The variation of shear modulus with shearing strain amplitude is constructed at 

the end of the test by combining the values of shear modulus and corresponding shearing 

strain amplitudes obtained from the suite of loading stages. 
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Quick static load tests were also performed before, during and after dynamic 

testing to monitor the static movement of the shaft due to vertical loading. Additionally, 

miniature crosshole test were carried out in order to have an independent measurement of 

the small strain shear wave propagation velocity.  

All field tests, data analyses and the results are discussed in detail in Chapters 5 

through 8. In Chapter 5 all field tests that are performed using Shaft A (a 6-ft long drilled 

shaft) as well as complimentary laboratory tests that are related to the soil around this 

shaft are discussed.  In Chapter 6 analysis of the field measurements and discussion of the 

resulting dynamic soil properties associated with the tests using Shaft A are presented. In 

Chapter 7 all field tests that are performed using Shaft D (a 12-ft long drilled shaft) as 

well as complimentary laboratory tests that are related to the soil around this shaft are 

discussed.  In Chapter 8 analysis of the field measurements and discussion of the 

resulting dynamic soil properties associated with the tests using Shaft D are presented. 
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Chapter 5:  Linear and Nonlinear Field Tests using Shaft A (6 ft-Long 
Drilled Shaft) and Complimentary Laboratory Tests  

5.1 INTRODUCTION  

In this chapter, all field tests (linear and nonlinear) performed using Shaft A (a 6-

ft long drilled shaft, see Section 4.2.1 for information about Shaft A) are described. The 

tests performed using Shaft A were the initial field tests. As described below, several 

tests were performed so the description in Chapter 5 is rather extensive. Therefore, results 

from dynamic field tests are presented in Chapter 6.  

In addition, linear and nonlinear dynamic laboratory tests performed on samples 

collected at this test location are presented and comparisons of the field and laboratory 

results are provided. Complementary tests such as static load tests on the drilled shaft, 

soil index property tests and the soil- moisture characteristic curve as well as the 

excavation of the test area are described and presented.  

The experience and knowledge gained during the tests using Shaft A were used to 

improve/modify the test method and provided information to organize the field tests that 

were performed using Shaft D (presented in Chapters 7 and 8). The tests using Shaft D 

constitute the main part of the field measurements since they represent the final method 

developed in this research. 

5.2 LINEAR AND NONLINEAR FIELD TESTS USING FIRST-GENERATION SOURCES 
(HAMMERS AND DROP WEIGHT) - MAY 2005 

In May 2005, the first field tests were conducted using the first-generation 

dynamic test procedure described in Section 4.3.1. Details of these tests are presented 

below. 
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5.2.1 Installation of Sensors 

On May 24 2005, six Type A sensors were installed in three, 2.0-in. (51-mm) 

diameter boreholes around Shaft A (Type A sensors are 14-Hz geophones that were 

pneumatically held in place in uncased boreholes. These sensors are more completely 

discussed in Section 4.2.2.1). The procedure described in Section 4.2.2.2 was followed in 

the installation of sensors. The locations of sensors with respect to Shaft A are illustrated 

in Figure 5.1. Distances shown in Figure 5.1 are based on the information obtained 

during the excavation of the test area after all field tests were completed (see Section 5.7 

for details). A picture of the test area at the end of the installation process is shown in 

Figure 5.2. 

 
Figure 5.1 Illustration of the configuration of sensors that were installed around Shaft 

A (6-ft long shaft) in May 2005; the locations of the sensors are based on 
the information obtained during the excavation of the test area at the end of 
all field tests. 

5.2.2 Testing with Hammers and a Drop Weight 

The procedure described in Section 4.3.1 was followed to perform staged 

dynamic testing, as soon as the sensors were placed. The only difference in the procedure 
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than that was described in Section 4.3.1 was that in these initial tests the pressures in the 

airbladders of the sensors were not being measured. This detail in the procedure was 

added later. At each test stage, the responses of the sensors within the shaft and the soil 

were recorded simultaneously using the VXI data acquisition system (see details about 

VXI data acquisition system in Section 4.2.6). An average of five impacts was recorded 

for each test stage. (The VXI data acquisition system enables previewing each impact 

prior to accepting it for averaging). A sampling rate of 52.6 ksamples/sec was used for 

recording. This sampling rate is almost four times slower than the sampling rate used in 

the field tests conducted around Shaft D. The smallest strain level measured using the 

hand-held hammers was less than 0.0001%. The highest strain level induced using the 

140-lb (0.6-kN) drop weight was around 0.05 %.  

 
Figure 5.2 Shaft A (6-ft long shaft) and the three instrumented boreholes that were used 

in the initial tests with first-generation sources (hammers and a drop 
weight), May 2005.  

Two example records, one recorded from the low-amplitude testing using the 

hand-held hammer and the other recorded from the larger-amplitude testing using the 

drop weight, are shown in Figures 5.3 and 5.4, respectively. The direct arrival times are 

denoted in Figures 5.3 and 5.4 with black dots, "•".  

M4, M7

M3, M6

SHAFT A

M5, M8
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Figure 5.3 Shear wave records obtained from low-amplitude testing using the hand-

held hammer and Type A sensors in "M" locations shown in Figure 5.1. 

 
Figure 5.4 Shear wave records obtained from medium-amplitude testing using the 140-

lb (0.6-kN) drop weight and Type A sensors in "M" locations shown in 
Figure 5.1. 
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Direct arrival times were used to calculate shear wave velocities (as described in 

Section 4.3.3). A constant unit weight of 100 pcf (15.7 kN/m3) was assumed for the soil 

(based on the laboratory investigation of undisturbed soil samples see Section 5.8). It 

should be noted here that the identification of arrival times from linear-strain range tests 

(such as shown in Figure 5.3) was not difficult. However, identification of arrival times 

from nonlinear-strain range tests (such as shown in Figure 5.4) was not straightforward.  

Different than the procedure described in Section 4.3.3, the shear strains were 

calculated using two procedures. One approach is a wave-propagation-based approach, 

and the other is a displacement-based approach. The wave-propagation-based approach is 

based on the assumption that the shear waves can be idealized as plane shear waves in the 

vertical plane. The peak particle velocities measured at adjacent sensor locations were 

determined from the time records of the sensors.  The particle velocity mid-way between 

the two sensors was approximated by averaging the two values of peak particle velocity 

determined from the time records. The shearing strain was then calculated using the 

expression (Richart et al., 1970): 
 

SPPV VU=γ                                                                                                        (7.1) 
 

where PPVU  is the peak particle velocity and SV  is the average the shear wave 

propagation velocity determined between the two (adjacent) sensors.  

In the displacement-based approach, displacements from four sensors that are on a 

rectangular array (for instance Sensors M3, M4, M6 and M7) were calculated. The shear 

strain at the center of this rectangular array was computed by employing linear 

interpolation between the displacements at the corners of the array (Rathje et al., 2001). 

The corresponding shear wave velocities were then obtained by averaging the shear wave 

velocity between two horizontal sensors intervals. For instance Vs values measured 
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between sensor interval M3-M4 and M6-M7 were averaged to obtain a representative 

value Vs for the rectangular array of Sensors M3, M4, M6 and M7. The Vs-log γ, G-log γ 

and G/Gmax- log γ data from these initial field tests are presented in Chapter 6. As further 

explained in Chapter 6, these initial tests proved that nonlinearity can be generated in the 

field using the proposed test configuration and that a controlled loading source, such as a 

hydraulic shaker, would be more efficient and more effective.  

5.3 LINEAR AND NONLINEAR FIELD TESTS USING SECOND-GENERATION SOURCES - 
PART 1: STAGE 2 FIELD TESTS, OCTOBER 2005 

In October 2005, new sensor boreholes were opened around Shaft A. Two types 

of sensors, Type A and Type B, were installed in these boreholes at depths of 

approximately 3 ft (0.9 m) and 4 ft (1.2 m). Steady-state tests using Thumper were 

conducted after installation of sensors. The procedure described in Section 4.3.2 was 

followed during the tests. Details of these tests are presented below. A load-time history 

of all tests that are performed using Shaft A is illustrated in Figure 5.5. 

5.3.1 Installation of Sensors and Undisturbed Sample Collection 

In October 2005, six Type A and eight Type B sensors installed in seven 2.0-in. 

(51-mm) diameter boreholes around Shaft A. (Type A and Type B sensors are more 

completely described in Section 4.2.2.1). The procedures described in Section 4.2.2.2 was 

followed during installation of the sensors. The locations of sensors with respect to Shaft 

A are illustrated in Figure 5.6. Distances shown in Figure 5.6a are based on the 

information obtained during the excavation of the test area after all field tests were 

completed (see Section 5.7 for details). Undisturbed samples using 3-in. (76.2-mm) O.D. 

ASTM thin-walled Shelby tubes were also collected at two locations adjacent to the test 

area around Shaft A using the procedure described in Section 3.3. Approximate locations 

of sampling holes (SA-1 and SA-2) are shown in Figure 5.6b. 
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Figure 5.5 Illustration of staged field testing performed around Shaft A, May 2005-February, 2006.  
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(a) Cross-section 

 
(b) Plan-view  

Figure 5.6 Illustration of the configuration of sensors that were installed around Shaft 
A (6-ft long shaft) in October 2005; the locations of the sensors are based on 
the information obtained during the excavation of the test area at the end of 
all field tests. 
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5.3.2 Stage 2 Tests: Linear- to Nonlinear-Strain Range Tests using Thumper 

On October 27, 2005, Thumper was mounted on Shaft A, and the testing 

procedure described in Section 4.3.2 was followed. Three static load levels were used. At 

each static load level, sinusoidal loading was applied for 10 to 20 cycles at a fixed 

frequency of 50 Hz. This frequency was selected because the frequency response curve 

observed in the field had a resonance around this frequency, so that "'large" motions 

could be excited in the shaft. 

The sequence of the loading steps that were performed in these tests is presented 

in Table 5.1. The highest static load applied to the shaft using Thumper was 8 kip (36 

kN). The highest dynamic load applied to the shaft at this static load level was ±6 kip 

(±27 kN) (the total of maximum positive static and dynamic load was 14 kip (63 kN) and 

the peak-to-peak dynamic load was 12 kip (53 kN)). Small-strain tests were repeated each 

time after a higher level of strain was induced in the soil mass as listed in Table 5.1.  

At each loading step, tests were repeated 3 to 5 times to account for measurement 

variability. A sampling rate of 52.6 ksamples/sec was used during the recordings. All 

sensors were recorded simultaneously. Figures 5.7 and 5.8 illustrate typical records that 

were collected at two different loading levels, in the linear and nonlinear strain ranges, 

respectively. Only records from the sensors in the concrete and Type B sensors that are 

located at a depth of 4 ft (1.2 m) in the soil (i.e. B3, B4 and B5) are shown for simplicity.  

All records were analyzed using the method described in Section 4.3.3. A 

constant unit weight of 100 pcf (15.7 kN/m3) was assumed for the soil (based on the 

laboratory investigation of undisturbed soil samples see Section 5.8). Results from the 

Stage 2 tests that were performed on October 27, 2005 are presented in Chapter 6. These 

results are presented in terms of Vs- log γ, G- log γ and G/Gmax -log γ curves. As further 

explained in Chapter 6, based on the results obtained from these tests, it was concluded 



 163

that Type B sensors are more reliable than Type A sensors. It was also concluded that 

measurements at the shallower depth (3 ft (0.9 m)) might have been affected from being 

close to the ground surface and, thus, also recording interactions of waves from this 

boundary. 

Table 5.1 Sequence of loading steps that were performed in the Stage 2 tests around 
Shaft A using Thumper, October 27, 2005. 

Static Load 
(lb) 

Dynamic Load 
(lb) 

Description 
of Test 

2000 ±360 10 cycles at 50 Hz 
 ±600 20 cycles at 50 Hz 
 ±1200 10 or 20 cycles at 55 Hz 
 ±240 20 cycles at 50 Hz 

4000 ±360 15 cycles at 50 Hz 
 ±1200 15 cycles at 50 Hz 
 ±360 15 cycles at 50 Hz 
 ±2400 15 cycles at 50 Hz 
 ±360 15 cycles at 50 Hz 

8000 ±360 15 cycles at 50 Hz 
 ±600 15 cycles at 50 Hz 
 ±1200 15 cycles at 50 Hz 
 ±2400 15 cycles at 50 Hz 
 ±360 15 cycles at 50 Hz 
 ±3600 15 cycles at 50 Hz 
 ±600 15 cycles at 50 Hz 
 ±6000 20 cycles at 50 Hz 
 ±360 20 cycles at 50 Hz 
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Figure 5.7 Records from tests with Thumper using Shaft A, 15 cycles of ±360-lb (1.6- 

kN) dynamic load at 50 Hz (linear- strain range) at a 2000-lb (8.9-kN) static 
load level, October 27, 2005.  

 
Figure 5.8 Records from tests with Thumper using Shaft A, 15 cycles of ±3600-lb 

(16.0- kN) dynamic load at 50 Hz (nonlinear- strain range), at a 8000-lb 
(35.6- kN) static load level October 27, 2005. 

B3 B4  B5G2

B3 B4 B5G2
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5.4 LINEAR AND NONLINEAR FIELD TESTS USING SECOND GENERATION SOURCES -
PART II: STAGE 2 AND STAGE 3 FIELD TESTS, DECEMBER-FEBRUARY 2005 

During December 12, 2005 through February 9, 2006, more tests were conducted 

using Shaft A. Only Type B sensors (embedded sensors), that were installed in October, 

2005 were recorded during these tests.  

5.4.1 Stage 2 Tests: Linear- to Nonlinear-Strain Range Tests using Thumper 

On December 12, 2005, Stage 2 tests with Thumper were repeated and only Type 

B sensors that were installed in October were recorded (see Figure 5.6 for the location of 

these sensors). The sequence of the loading steps that were performed in these tests is 

presented in Table 5.2.  As seen in the table, more loading steps were used in these tests 

compared to the tests performed in October, 2005. Also, a loading frequency of 55 Hz 

was used in these tests instead of 50 Hz used in the earlier tests.  

A sampling rate of 52.6 ksamples/sec was used to capture these records and all 

sensors were recorded simultaneously. All records were analyzed using the method 

described in Section 4.3.3. A constant unit weight of 100 pcf (15.7 kN/m3) was assumed 

for the soil (based on the laboratory investigation of undisturbed soil samples, see Section 

5.8).  

Evaluated results (Vs- log γ, G- log γ and G/Gmax -log γ curves) of the Stage 2 

tests that were performed on December 12, 2005 are presented in Chapter 6. The results 

are compared to the measurements that were done in October, 2005. As further explained 

in Chapter 6, measurements made on December 12, 2005 at a 4 ft (1.2 m) depth agree 

with those measured at the same depth in October 2005. However, at a 3 ft (0.9 m) depth, 

G-log γ data from December 2005 show a lot of scatter. The possible reasons are 

discussed in Chapter 6. It was also concluded from these tests that a higher sampling rate 

should be used in recording the response from sensors. Additionally, on December 2005, 
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at the beginning of testing, before Thumper was mounted on Shaft A, miniature crosshole 

tests were performed. These tests are discussed in Section 5.5. 

Table 5.2 Sequence of loading steps that were performed in the Stage 2 tests around 
Shaft A using Thumper, December 12, 2005- (Type B sensors were 
recorded only) 

Static Load (lb) Dynamic Load (lb) Description of Test 
2000 ±300 15 cycles at 55 Hz 

 ±360 15 cycles at 55 Hz 
 ±420 15 cycles at 55 Hz 
 ±480 15 cycles at 55 Hz 
 ±540 15 cycles at 55 Hz 
 ±240 15 cycles at 55 Hz 
 ±600 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±720 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1080 15 cycles at 55 Hz 

4000 ±240 15 cycles at 55 Hz 
 ±600 15 cycles at 55 Hz 
 ±360 15 cycles at 55 Hz 
 ±1080 15 cycles at 55 Hz 
 ±1440 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1680 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1920 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±2160 15 cycles at 55 Hz 

8000 ±180 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±2160 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±2400 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±2880 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 



 167

5.4.2 Stage 3 Tests: Nonlinear-Strain Range Tests using T-Rex 

On February 9, 2006, Stage 3 tests with T-Rex were performed using Shaft A and 

Type B sensors (installed in October, 2005, see Figure 5.6). The sequence of the static 

and dynamic loading steps that were performed in these tests is presented in Table 5.3. 

The highest static load applied to the shaft using T-Rex was 45 kip (200 kN). The highest 

dynamic load applied to the shaft at this static load level was ±30 kip (±133 kN) (the 

total of maximum static and dynamic load was 75 kip (334 kN)). The testing procedure 

described in Section 4.3.2 was followed in these tests. Static load tests (of duration 3 to 5 

minutes) were performed every time the static load level was being increased. Details and 

results of these static load tests are presented in Section 5.6.  

Table 5.3 Sequence of loading steps that were performed in the Stage 3 tests around 
Shaft A using T-Rex, February 9, 2006. 

Static  
Load 
(lb) 

Dynamic 
Load 
(lb) 

Description 
of Test 

 
5000 ±2000 15 cycles at 55 Hz 
8000 ±2000 15 cycles at 55 Hz 

 ±4000 15 cycles at 55 Hz 
12000 ±2000 15 cycles at 55 Hz 

 ±5000 15 cycles at 55 Hz 
16000 ±2000 15 cycles at 55 Hz 

 ±7000 15 cycles at 55 Hz 
20000 ±2000 15 cycles at 55 Hz 

 ±10000 15 cycles at 55 Hz 
 ±14000 15 cycles at 55 Hz 

0 to 20000 to 0 - 
Loading and unloading in 3 minutes 

(using base plate of T-Rex) 

0 to 45000 to 0 - 
Loading and unloading in 3 minutes 

(using base plate of T-Rex) 
0 to 45000  - Loading in 3 minutes (using base plate of T-Rex) 

45000 ±2000 15 cycles at 55 Hz 
 ±15000 15 cycles at 55 Hz 
 ±20000 15 cycles at 55 Hz 
 ±30000 15 cycles at 55 Hz 
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At each loading level, tests were repeated two times. At the end of Stage 3 tests, 

the total permanent settlement of the shaft due to the static and dynamic loads was about 

0.8 in. (5 mm) (see Section 5.6 for details).  

A sampling rate of 52.6 ksamples/sec was used in the recordings. All records 

were analyzed using the method described in Section 4.3.3. Results of the Stage 3 tests 

that were performed on February 9, 2006 are discussed in Chapter 6. As further explained 

in Chapter 6, the measurements obtained in the Stage 3 tests indicate that the data are 

inconsistent. The possible reasons are discussed in Chapter 6.  

5.5 MINIATURE CROSSHOLE TESTS 

On December 12, 2005, before Thumper was mounted on Shaft A for the Stage 2 

tests, miniature crosshole tests were performed around Shaft A. A similar procedure to 

that described in Section 4.3.4 was followed during the crosshole tests.  

The source rod (1.5-in. (38-mm) diameter) was pushed for 4 ft (1.2 m) into the 

ground adjacent to the sensor arrays embedded in the soil (Type B sensors) using the 

hydraulic ram behind T-Rex. Crosshole tests (for measurement of SV or Shv waves) 

between the source rod and the sensors in the soil were performed. (No P-wave 

measurements were performed because only vertical sensors were installed in the soil). 

Figure 5.9 illustrated the configuration that was used in the crosshole tests.  

An average of five impacts was recorded. The crosshole test was performed twice, 

once with downward impacts and once with upward impacts. The direct arrival times 

were used to calculate average shear wave propagation velocities between each sensor 

and the source rod. Table 5.4 presents the shear wave velocity measurements that were 

obtained from miniature crosshole tests performed on December 12, 2005. Recorded 

waveforms are presented in Figures 5.10 and 5.11. Direct arrival times are also denoted 
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in these figures. Distances that are shown in Table 5.5 are estimated distances since the 

source rod was pulled out of the ground before the excavation of the area took place.  

From Figure 5.11 it is also possible to identify approximate P-wave arrival times 

(the first arrivals in these records are P-wave energy). Based on the first-arrival times 

observed from records that are shown in Figure 5.11, approximate Vp (compression wave 

velocity) values varies between 725 to 950 fps (221 to 290 m/sec) with an average of 860 

fps (262 m/sec). Poisson's ratio (calculated from Vp/Vs ratio) varies between 0.22 to 0.31 

with an average value of 0.26. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.9 Miniature crosshole test configuration around Shaft A, December 12, 2005: 
(a) cross-section, (b) plan view. 
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Table 5.4 Miniature crosshole test results, December 12, 2006. 
Direction of 
the Impact 

Receiver 
Sensor 

Distance from Source 
to Receiver (in.) 

S-Wave arrival 
time (sec) 

Shear Wave Velocity between 
Source and Receiver (fps) 

Down Source - -0.0000586 - 
 B3 20.0 0.0034766 517 
 B4 23.0 0.0040234 508 
 B5 27.0 0.0045898 519 
 B6 31.5 0.0051953 531 

Up Source - -0.0000391 - 
 B3 20.0 0.0035156 514 
 B4 23.0 0.0040625 506 
 B5 27.0 0.0046680 512 
 B6 31.5 0.0052344 529 

Down Source - -0.0000586 - 
 B7 20.0 0.0032031 565 
 B8 23.0 0.0040430 506 
 B9 27.0 0.0050195 472 
 B10 31.5 0.0066602 412 

Up Source - -0.0000391 - 
 B7 20.0 0.0032031 569 
 B8 23.0 0.0040625 506 
 B9 27.0 0.0050781 468 
 B10 31.5 0.0066406 412 
   Average 503 
   c.o.v. 0.09 

 
Figure 5.10 Crosshole records from sensors at a depth of 4 ft around Shaft A (source rod 

tip at 4 ft), December 12, 2005. 
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Figure 5.11 Crosshole records from sensors at a depth of 3 ft around Shaft A (source rod 
tip at 4 ft), December 12, 2005. 

5.6 STATIC LOAD TESTS 

On December 9, 2005, a static load test (approximate duration of 3 minutes) was 

performed on Shaft A up to a 20-kip (89-kN) static load (using the hydraulic ram behind 

T-Rex). The testing procedure described in Section 4.3.5 was followed. The 

configuration of the load test is illustrated in Figure 5.12. The resulting load-settlement 

curve (when the shaft was loaded to 20 kip (89 kN) and unloaded) is presented in Figure 

5.13. As shown in Figure 5.13, the maximum vertical displacement due to the 20-kip (89-

kN) load was about 0.02 in. (0.51 mm) and the permanent displacement was about 0.006 

in. (0.152 mm).  

 

 



 172

 

 

 

 

 

 

 

 

 

 
Figure 5.12 Load test configuration that was used to monitor the vertical displacement of 

Shaft A. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Load-vertical displacement curve of Shaft A during static load test up to a 
20-kip (89-kN) load followed by unloading, December 9, 2005. 
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On February 9, 2006, during the Stage 3 tests, more static load tests were 

performed on the shaft (see Table 5.3). The same configuration that is illustrated in 

Figure 5.12 was used, and the testing procedure described in Section 4.3.5 was followed. 

After performing the dynamic tests at the 20-kip (89-kN) static load level, the base-plate 

of T-Rex was retracted (i.e. the shaft was unloaded). A higher capacity load cell (200 kip 

(889 kN) see Section 4.2.3) was placed on the shaft. Next, the shaft was loaded to the 20-

kip (89-kN) static level and unloaded in approximately 3 minutes. Upon unloading, the 

shaft was loaded again to a 45-kip (200-kN) static level and unloaded in approximately 3 

minutes. Next, the shaft was reloaded to the 45-kip (200-kN) static level and dynamic 

tests were performed (see Table 5.3).  

The load-settlement behavior of the shaft due to these static load tests is presented 

in Figure 5.14. As seen in Figure 5.14, the maximum vertical displacement of the shaft at 

the time of loading to the 20-kip (89-kN) static level was about 0.02 in. (0.51 mm). The 

permanent settlement due to the 20-kip (89-kN) static level was about 0.008 in. (0.203 

mm). The maximum vertical displacement of the shaft at the time of loading to the 45-kip 

(200-kN) static level was about 0.09 in. (2.29 mm). The permanent settlement due to the 

45-kip (200-kN) static load was about 0.055 in. (1.40 mm). Upon reloading to the 45-kip 

(200-kN) static level, the settlement of the shaft was about 0.185 in. (4.7 mm). At the 45-

kip (200-kN) static level, several dynamic tests were performed. During the dynamic tests 

the settlement of the shaft was not monitored. However, after completing the dynamic 

tests and unloading the shaft, the positions of the linear potentiometers were recorded so 

that the permanent settlement of the shaft due to all tests can be evaluated. Figure 5.15 

illustrates the absolute vertical settlement of the shaft due to all testing performed with T-

Rex on February 9, 2006. As can be seen in Figure 5.15, the permanent settlement of the 

shaft at the end of all tests was approximately 0.82 in. (20.8 mm).  
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(a) 

 
(b) 

Figure 5.14 Static load tests performed on Shaft A, February 9, 2006: (a) load-time plot, 
and (b) vertical displacement-load plot.   
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Figure 5.15 Permanent settlement of Shaft A after dynamic tests at a 45-kip (200-kN) 
static load level was approximately 0.82 in. (20.8 mm), February 9, 2006. 

5.7 EXCAVATION OF THE TEST AREA 

After all testing was finished, the test area was excavated (using a back-hoe and 

by hand) to provide an 'autopsy' of the site.  The excavation was performed on May 9, 

2006. A back-hoe was first used to excavate area around Shaft A without disturbing the 

soil mass in which the sensors were located. Next, hand-held shovels and geology 

hammers were used to dig through the soil between the shaft and each of the sensors 

(shown in Figure 5.16). As described in previous sections, two types of sensors (Type A 

and Type B) had been installed around this shaft throughout the field test program. Type 

A sensors, which operate in open boreholes, had been removed as soon as the field tests 

were done. After retrieving the sensors, a PVC tube was placed in each borehole and kept 

there until this excavation portion of the study. Therefore, the excavation for Type A 

sensors involved exposing these PVC tubes (see Figure 5.17).   

Permanent 
settlement at 
the end of all 
dynamic tests 
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Figure 5.16 Hand-held shovels and geology hammers were used to dig through the soil 
around Shaft A so that the locations of sensors could be exposed; May 9, 
2006. 

 

Figure 5.17 Excavation for Type A sensors around Shaft A involved exposing the PVC 
tubes that were left in the tests boreholes, May 9, 2006. 
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Type B sensors, on the other hand, were embedded in the soil, so the excavation 

of these sensors required each sensor to be uncovered carefully, without moving the 

sensors from their original location (see Figure 5.18). Exposing all sensors and PVC 

tubes was achieved in an order such that the general excavation could advance without 

disturbing the sensors that were not yet uncovered.  

 
(a) 

 
(b) 

Figure 5.18 Excavation of Type B sensors around Shaft A involved digging the soil 
using hand-held geology hammers: (a) the soil between the shaft and the 
sensor was carefully removed, (b) the sensor was partly exposed to 
determine the location with respect to the shaft.  
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The locations of Type A sensors were obtained by measuring (within ±1/8 in. (±3 

mm) precision) the radial distance between the PVC tube and the closest point on the side 

of the shaft at the depth of testing. Once all PVC tubes were all uncovered and the 

distances were measured, excavation of the Type B sensors started. The soil between the 

shaft and the sensors was carefully removed by manual shoveling. Once the cable that 

comes out of a sensor was detected (indicating the digging is getting closer to the sensor), 

a hand-held geology hammer was used to carefully dig through the soil and partly expose 

the embedded sensor. In the mean time, the side of the shaft closest to the sensor was 

uncovered by scarping the soil with a geology hammer and exposing the concrete surface. 

As soon as each sensor and the side of the shaft were exposed, the radial distance and the 

depth of the sensor with respect to Shaft A were measured. 

During the excavation the soil profile at and above the sensor locations was 

studied and found to be much softer and more sandy compared to the soil that was 

excavated around Shaft D(described in Section 7.5). Qualitatively, the soil around Shaft 

A appeared to be homogenous. Disturbed soil samples were also taken from the soil that 

was present between the sensors and the shaft (Figure 5.19). These samples were 

examined and kept for further laboratory analysis. 

After all sensors were uncovered and retrieved, the shaft was pulled out of the 

ground as shown in Figure 5.20. The variation of the diameter of the shaft with depth was 

measured. The diameter of Shaft A below ground was found to range from 13 in. (330 

mm) to 16 in. (406 mm) with an average diameter of 14.4 in. (366 mm). The variation of 

the diameter of the shaft with depth is illustrated in Figure 5.1. 
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Figure 5.19 Disturbed soil samples were also taken from the soil that was present 
between the sensors and Shaft A and kept for further laboratory analysis. 

5.8 LOCAL SOIL PROPERTIES AT THE TEST LOCATION AND DYNAMIC LABORATORY 
TESTS (RCTS)  

Disturbed and undisturbed samples collected in the field around Shaft A were 

analyzed in the laboratory to obtain information about the properties of the soil in which 

the dynamic field measurements were performed. Soil classification and soil index 

properties from the surface to the testing depth were obtained by means of conventional 

geotechnical tests. The relationship between the water content and matric suction (soil-

water characteristic curve) for the soil at the testing depth was investigated using a 

pressure chamber. Linear and nonlinear dynamic soil properties of the soil at the testing 

depth were evaluated from combined resonant column and torsional shear (RCTS) tests.  
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(a) 

 
(b) 

Figure 5.20 After all sensors were retrieved, Shaft A was pulled out of the ground and 
the variation of its diameter with depth was measured: (a) Type B sensors 
that were recovered, and (b) Shaft A being removed from the ground with 
the help of a back-hoe.  

5.8.1 Soil Profile around Shaft A 

Undisturbed samples from boreholes SA-1 and SA-2 (see Figure 5.6 for 

approximate locations), and disturbed samples collected during the excavation process 

(see Section 5.7) were analyzed using the procedures that were described in Sections 3.2 
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and 3.3 to obtain information about the local soil conditions around Shaft A. The 

resulting information is presented in Tables 5.5 and 5.6 and Figures 5.21 through 5.24.  

Table 5.5 USCS soil classification for the soil profile around Shaft A. 
Borehole No. Depth, ft Soil Classification, USCS Fines Content, % 

1.5 SM 14 
2.5 SM 20 
3.0 SM 13 
3.5 SM 13 

SA-1 

4.0 SM 25 
0.7 SM 16 
1.5 SM 18 
2.8 SM 22 
3.4 SM 19 
3.9 SM 36 

SA-2 

4.4 SM 45 
between Shaft A-Sensor B3  ~4 SM 28 
between Sensors B3 and B4 ~4 SM 25 
between Sensors B4 and B5 ~4 SM 22 

between Type A sensor boreholes ~3.5 SM 17 

Table 5.6 Soil index properties determined from samples collected around Shaft A. 
Borehole 

No. 
Depth 

ft 
Soil 

Type 
(USCS) 

Water 
Content 

% 

Total Unit 
Weight 

 pcf 

Dry Unit 
Weight 

pcf 

Void 
 Ratio* 

Degree of 
Saturation* 

 % 
1.5 SM 3 95.1 92.3 0.81 10 
2.5 SM 4 97.6 94.0 0.78 13 
3.0 SM 3 101.9 98.7 0.69 12 
3.5 SM 4 103.4 99.3 0.68 16 
4.0 SM 3 100.7 98.2 0.70 10 

SA-1 

4.58 NA 3 NA NA NA NA 
0.7 SM 4 104.6 100.7 0.66 16 
1.5 SM 3 94.5 91.9 0.82 9 
2.8 SM 3 96.5 94.0 0.78 9 
3.4 SM 3 97.5 94.5 0.77 11 
3.9 SM 5 104.0 98.8 0.69 20 
4.4 SM 3 103.1 99.7 0.68 13 

SA-2 

4.92 NA 6 NA NA NA NA 
*Specific gravity, Gs, is assumed to be 2.68. 
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Figure 5.21 Variation of water content with depth around Shaft A obtained from 
undisturbed samples collected in October 2005. 
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Figure 5.22 Variation of fines content with depth around Shaft A obtained from samples 
collected in October, 2005. 
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Figure 5.23 Grain size distribution curves at the testing depth around Shaft A obtained 

from samples collected in October 2005 and from samples collected during 
the excavation of the test area on May 9, 2006. 
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Figure 5.24 Index properties of soil around Shaft A obtained from undisturbed samples 

collected in October 27 2005. 

5.8.2 Soil Water Characteristic Curve (SWCC) of the Soil at the Testing Depth 

A saturated reconstituted specimen of soil that represents the soil at the testing 

depth around Shaft A was tested in the pressure chamber to determine the soil-water 

characteristic curve (SWCC) for drying in accordance with ASTM D 6836. The sample 

was from borehole SA-1 from a depth of 3.5 ft (1.1 m) and was classified as SM. The 

initial conditions of the specimen are presented in Table 5.7. The air entry pressure for 

the saturated SM specimen was found to be smaller than 0.1 psi (0.7 kPa) (this pressure 

was the smallest pressure that could be applied with the available equipment). Under 0.1-

psi (0.7-kPa) air pressure, the saturated specimen came to equilibrium at a 13% degree of 
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saturation. Therefore it is concluded that for this type of soil, suction pressures in the 

field may not be significant. 

Table 5.7 Initial properties of the reconstituted SM specimen tested in the pressure 
chamber.  

Specimen Type  Reconstituted  
Specimen Depth, ft 3.5 
Soil Classification, USCS SM 
Fines Content, % 13 
Diameter, D, inch 2.120 
Height, H, inch 1.179 
Total Unit Weight, γt, pcf 123.2 
Water Content, w, % 0.26 
Dry Unit Weight, γd, pcf 98.1 
Void Ratio, e* 0.70 
Degree of Saturation, Sr*, % 97 

5.8.3 Linear and Nonlinear Dynamic Laboratory Tests  

It was not possible to trim an intact specimen that represents the soil around Shaft 

A at the testing depth. Therefore, a reconstituted specimen of 2-in. (51-mm) diameter was 

prepared from the soil collected from sampling borehole SA-1 at an approximate depth of 

3.5 ft (1.1 m). Reconstitution was achieved by compacting soil to the in-situ density with 

the same water content as in the field. Mr. Won Kyong Choi prepared the reconstituted 

specimen. The initial conditions of the reconstituted specimen are presented in Table 5.8.  

Table 5.8 Initia-l properties of the reconstituted SM specimen tested in RCTS. 
Specimen  Reconstituted 
Specimen Depth, ft 3.5 
Soil Classification, USCS SM 
Fines Content, % 13 
Diameter, D, inch 2.00 
Height, H, inch 4.00 
Total Unit Weight, γt, pcf 103.4 
Water Content, w, % 4 
Dry Unit Weight, γd, pcf 99.3 
Void Ratio, e* 0.68 
Degree of Saturation, Sr*, % 16 

*Specific Gravity, Gs, is assumed to be 2.68. 
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The reconstituted specimen was tested using the combined resonant column and 

torsional shear (RCTS) device to determine the variation of the shear modulus and 

material damping with shear strain amplitude. The tests were performed by Mr. Won 

Kyong Choi. Five isotropic confining pressures were used in the tests (1.5, 2, 4, 8 and 16 

psi (10.3, 13.8, 27.6, 55.2 and 110.3 kPa)). At confining pressures of 1.5, 2 and 8 psi 

(10.3, 13.8 and 55.2 kPa), the specimen was excited only with low-amplitude shear 

strains (γ < 0.001%). At confining pressures of 4 and 16 psi (27.6 and 110.3 kPa), after 

the low-amplitude testing was completed at these pressures, the specimen was subjected 

to high-amplitude testing to determine nonlinear behavior.   

5.8.3.1 Dynamic Soil Properties in the Linear Strain Range 

Effect of σο on Vs, Gmax and Dmin 

The variations of dynamic properties in the linear strain range (Vs, Gmax and Dmin) 

with confining pressure for the reconstituted specimen are presented in Figures 5.25 

through 5.27. The Vs – log σo, log Gmax – log σo, log Dmin -log σο relations for the 

specimen can be expressed by linear trends as illustrated in Figures 5.26 through 5.27. 

The equations for these trends are listed in Table 5.9.  In Figures 5.26 through 5.27 

estimated field confining pressure value that is calculated assuming Ko= 0.5 is also 

shown. 

Table 5.9 Equations representing the log Vs – log σo, log Gmax – log σo, log Dmin -log 
σο relationships for the reconstituted SM specimen. 

log Vs – log σo Vs = (457/ F(e)) (σο  /Pa)0.19 * 

(or Vs = 733 (σο  /Pa)0.12 ) 
log Gmax – log σo Gmax = (1080/ F(e)) (σο  /Pa)039 * 

(or Gmax = 1732 (σο  /Pa)0..39 ) 
log Dmin -log σo Dmin = (0.4706/ F(e)) (σο  /Pa)-0.29 * 

(or Dmin = 0.7545 (σο  /Pa)-0.29 ) 
*F(e) = 0.3+0.7e2 (from Hardin, 1978), e: void ratio, Pa: atmospheric pressure in same units as σο. 
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Figure 5.25 Variation of low-amplitude shear wave velocity with isotropic confining 
pressure obtained from resonant column tests of reconstituted silty sand 
(SM) specimen that is assumed to represent the soil around Shaft A.  

 

 

 

Note: σo ~ σo' 
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Figure 5.26 Variation of low-amplitude shear modulus with isotropic confining pressure 
obtained from resonant column tests of reconstituted silty sand (SM) 
specimen that is assumed to represent the soil around Shaft A. 

 
 
 
 
 
 
 

Note: σo ~ σo' 



 189

 

Figure 5.27 Variation of low-amplitude material damping ratio with isotropic confining 
pressure obtained from resonant column tests of reconstituted silty sand 
(SM) specimen that is assumed to represent the soil around Shaft A. 

Effect of Excitation Frequency on Vs, Gmax and Dmin 

The effect of excitation frequency on Vs, G and D was also evaluated using the 

combined RCTS test. Figures 5.28 through 5.30 illustrate the variation of Vs, G and D 

with excitation frequency, respectively.  

At σo = 4 psi (27.6 kPa), Vs and G at a strain level of 0.001% increased by 2% and 

4%, respectively, for the excitation frequency increasing from 0.1 to 52 Hz. At σo = 4 psi 

Note: σo ~ σo' 
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(27.6 kPa), Vs and G at a strain level of 0.01% did not change for the excitation 

frequency increasing from 0.1 to 45 Hz. At σo = 16 psi (110.3 kPa), Vs and G at a strain 

level of 0.001% decreased by 2% and 5%, respectively, for the excitation frequency 

increasing from 0.1 to 70 Hz. At σo = 16 psi (110.3 kPa), Vs and G at a strain level of 

0.01% did not change for the excitation frequency increasing from 0.1 to 64 Hz. Based on 

the information presented in Figure 5.27 and 5.28, it can be concluded that effect of 

frequency on Vs and Gmax is negligible for the frequencies measured in the laboratory. 

At σo = 4 psi (27.6 kPa), D at a strain level of 0.001% decreased by 2% for the 

excitation frequency increasing from 0.1 to 52 Hz. At σo = 4 psi (27.6 kPa), D at a strain 

level of 0.01% decreased by 18% for the excitation frequency increasing from 0.1 to 45 

Hz. At σo = 16 psi (110.3 kPa), D at a strain level of 0.001% decreased by 28%, for the 

excitation frequency increasing from 0.1 to 70 Hz. At σo = 16 psi (110.3 kPa), D at a 

strain level of 0.01% decreased by 46% for the excitation frequency increasing from 0.1 

to 64 Hz. 

5.8.3.2 Dynamic Soil Properties in the Nonlinear Strain Range 

Laboratory G – log γ, G/Gmax – log γ and D - log γ  Curves 

Dynamic properties in the nonlinear strain range, represented by the variation of 

shear modulus, G, normalized shear modulus G/Gmax, and material damping ratio, D, 

with shear strain amplitude, are shown in Figures 5.31, 5.32 and 5.33, respectively.  

The maximum shear strain level that is generated at a confining pressure of 4 psi 

(27.6 kPa) was 0.016%. The maximum shear strain level that was generated at a 

confining pressure of 16 psi (110.3 kPa) was 0.204%. The value of the reference shear 

strain, γr, at σo= 4 psi (27.6 kPa) is about 0.035% (based on extrapolation of measured 

data).  At σo= 16 psi (110.3 kPa), γr values are about 0.060%. The value of the elastic 
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threshold shear strain, γt
e, cannot be clearly identified from Figures 5.31 through 5.33 

since there is not enough small-strain data. The results show that γt
e is lower than 0.001%. 

In this study it will be assumed that at σo= 4 psi (27.6 kPa), γt
e is between 0.0002 to 

0.0003%. At a σo of 16 psi (110.3 kPa), γt
e value can be around 0.0006%. In Figure 5.32, 

Gmax values at both confining pressures are estimated to be 2% higher than the smallest 

values of G measured in RC tests. 

 

Figure 5.28 Variation in low-amplitude shear wave velocity with loading frequency 
from combined RCTS tests of reconstituted silty sand (SM) specimen that is 
assumed to represent the soil around Shaft A. 
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Figure 5.29 Variation in low-amplitude shear modulus with loading frequency from 
combined RCTS tests of reconstituted silty sand (SM) specimen that is 
assumed to represent the soil around Shaft A.  
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Figure 5.30 Variation in low-amplitude material damping ratio with loading frequency 
from combined RCTS tests of reconstituted silty sand (SM) specimen that is 
assumed to represent the soil around Shaft A. 
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Figure 5.31 Comparison of the variation in shear modulus with shear strain at two 
isotropic confining pressures obtained from resonant column tests of 
reconstituted silty sand (SM) specimen that is assumed to represent the soil 
around Shaft A. 
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Figure 5.32 Comparison of the variation in normalized shear modulus with shear strain 
at two isotropic confining pressures obtained from resonant column tests of 
reconstituted silty sand (SM) specimen that is assumed to represent the soil 
around Shaft A. 
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Figure 5.33 Comparison of the variation in material damping ratio with shear strain at 
two isotropic confining pressures obtained from resonant column tests of 
reconstituted silty sand (SM) specimen that is assumed to represent the soil 
around Shaft A.  

Figure 5.32 also shows the effect of confining pressure on the G/Gmax–log γ 

curves. As the confining pressure increases, the G/Gmax–log γ relationship shifts to higher 

strains as γr increases with increasing σo. Similarly, Figure 57.33 shows that the effect of 

confining pressure on D–log γ curves. As the confining pressure increases, D–log γ 

relationship shifts to higher strains while simultaneously shifting downward.  
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Comparison of Laboratory and Empirical G/Gmax – log γ and D - log γ  Curves  

The G/Gmax–log γ and D–log γ curves obtained from the RC tests are plotted 

together with the modulus reduction curves proposed by Seed et al. (1986) (curve for 

clean sands) and Darendeli (2001) (curve for sands, PI=0, OCR=1). These comparisons 

are shown in Figures 5.34 through 5.37.  

 

Figure 5.34 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 4 psi (27.6 kPa) from the resonant 
column tests of reconstituted silty sand (SM) specimen with the modulus 
reduction curves proposed by Seed et al. (1986) and Darendeli (2001). 
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Figure 5.35 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 16 psi (110.3 kPa) from the resonant 
column tests of reconstituted silty sand (SM) specimen with the modulus 
reduction curves proposed by Seed et al. (1986) and Darendeli (2001). 
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Figure 5.36 Comparison of the variation material damping ratio with shear strain at an 
isotropic confining pressure of  4 psi (27.6 kPa) from the resonant column 
tests of reconstituted silty sand (SM) specimen with the modulus reduction 
curves proposed by Seed et al. (1986) and Darendeli (2001). 
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Figure 5.37 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 16 psi (110.3 kPa) from the resonant column 
tests of reconstituted silty sand (SM) specimen with the modulus reduction 
curves proposed by Seed et al. (1986) and Darendeli (2001).  
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Figures 5.33 and 5.34 show the comparison of G/Gmax - log γ curves at  4 psi (27.6 

kPa) and at 16 psi (110.3 kPa), respectively.  At a 4 psi (27.6 kPa) confining pressure, RC 

test curve is close to the mean curves of Seed et al. (1986) and Darendeli (2001). At a 16- 

psi (110.3-kPa) confining pressure, RC test curve is closer to the upper bound curve of 

Seed et al. (1986). However, at a 16-psi (110.3-kPa) confining pressure, the RC curve 

agrees well with mean curve of Darendeli (2001) until about 0.04% shear strain. At 

higher strains the RC test curve is between the mean and upper bound curves proposed by 

Darendeli (2001). 

Figures 5.35 and 5.36 show comparisons of the D–log γ curves from RC tests 

with those proposed by Seed et al. (1986) and Darendeli (2001). The RC test data is close 

to the lower bound curve of Seed et al. (1986) and the mean minus one standard deviation 

curve proposed by Darendeli (2001) at 4-psi (27.6-kPa) and at 16-psi (110.3-kPa) 

confining pressure levels.  

During high-amplitude RC tests with the reconstituted specimen, each time the 

specimen was subjected to a higher level of excitation, low-amplitude strain 

measurements were repeated after the higher-amplitude straining in an attempt to observe 

the effect of higher strain excitation and to provide a comparison for the dynamic field 

test results (see dynamic field tests on Section 5.3 and 5.4). Resulting information is 

presented in Figure 5.38 which shows the values of Gmax after each high-strain excitation. 

As seen in Figure 5.38, Gmax is not constant throughout the tests. At a 4-psi (27.6-kPa) 

confining pressure, Gmax decreased by 8% for the shear strain increasing from 0.001% to 

0.016%. At a 16-psi (110.3-kPa) confining pressure, Gmax decreased by 9% as shear strain 

increased from 0.001% to 0.04%. However, at strains higher than 0.04%, Gmax started to 

increase with increasing shear strains due to likely densification and strain hardening of 

the specimen. 



 202

 

Figure 5.38 Change in the low-amplitude shear modulus after high-strain excitation from 
resonant column tests of reconstituted silty sand (SM) specimen that is 
assumed to represent the soil around Shaft A.  

Effect of f and N on G/Gmax-log γ and D-log γ curves 

To evaluate the effects of number of loading cycles, N, and excitation frequency, 

f, on the G/Gmax-log γ curve, normalized modulus reduction curves from and the 

combined RCTS tests are plotted in Figures 5.39 and 5.40. As seen in these figures, there 

is not any significant effect of N or f on the G/Gmax-log γ curves. The combined effects of 

N and f on the D-log γ curve are shown in Figures 5.40 and 5.41. It is possible to observe 
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the effect of N and f on the D-log γ. In the nonlinear-strain range, the main effect is the 

effect of N on D which decreases with increasing N at a constant γ.  This decrease of D 

with N is typical of granular soils (Darendeli, 2001). In the linear strain range, at a 4-psi 

(27.6-kPa) confining pressure, Dmin values from the TS tests are slightly lower than those 

obtained from the RC tests because of some frequency effects. In the linear strain range, 

at a 16-psi (110.3 kPa) confining pressure, both RC and TS tests yielded similar D values.  

 
Figure 5.39 Comparison of the variation in normalized shear modulus with shear strain 

at an isotropic confining pressure of 4 psi (27.6 kPa) obtained from 
combined resonant column and torsional shear tests on the reconstituted 
silty sand (SM) specimen. 
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Figure 5.40 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 16 psi (110.3 kPa) obtained from 
resonant column and torsional shear tests on the reconstituted silty sand 
(SM) specimen. 
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Figure 5.41 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 4 psi (27.6 kPa) obtained from resonant 
column and torsional shear tests on the reconstituted silty sand (SM) 
specimen. 
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Figure 5.42 Comparison of the variation in material damping ratio with shear strain at an 

isotropic confining pressure of 16 psi (110.3 kPa) obtained from resonant 
column and torsional shear tests on the reconstituted silty sand (SM) 
specimen.  

5.9 SUMMARY   

Linear and nonlinear dynamic field tests were performed using Shaft A (a 6-ft 

long drilled shaft) during May 2005 through February, 2006. These tests were the initial 

field tests. The main benefit of the tests was to gain experience and used this experience 

to organize the field tests that were performed using Shaft D (presented in Chapters 7 and 

8). 
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In May 2005, six Type A sensors A (14-Hz geophones that were pneumatically 

held in place in uncased boreholes) were installed around Shaft A. The configuration of 

the sensor (as obtained during the excavation of the test area that was performed after all 

testing was completed) is shown in Figure 5.1. As soon as the sensors were placed, 

dynamic field tests using first-generation sources (hammers and a drop weight) were 

performed in stages. A sampling rate of 52.6 ksamples/sec was used for recording the 

response of sensors. The smallest strain level measured using the hand-held hammers was 

less than 0.0001%. The highest strain level induced using the 140-lb (0.6-kN) drop 

weight was around 0.05 %. Direct arrival times were used to calculate shear wave 

velocities (as described in Section 4.3.3). A constant unit weight of 100 pcf (15.7 N/m3) 

was assumed for the soil. However, identification of arrival times from nonlinear-strain 

range tests was not straightforward. The Vs-log γ, G-log γ and G/Gmax- log γ data from 

these initial field tests are presented in Chapter 6. These initial tests proved that 

nonlinearity can be generated in the field using the proposed test configuration and that a 

controlled loading source, such as a hydraulic shaker, would be more efficient and more 

effective. 

In October 2005, new sensor boreholes were opened around Shaft A. Two types 

of sensors, Type A and Type B, were installed in these boreholes. The locations of 

sensors with respect to Shaft A are illustrated in Figure 5.6.  During the sensor 

installation process, undisturbed samples were also collected. After installation of the 

sensors in the soil, staged of dynamic testing was performed using Thumper. In these 

tests, Thumper was mounted on Shaft D, and the testing procedure described in Section 

4.3.2 was followed to dynamically and statically load the shaft in increments. The 

sequence of the loading steps that were performed in the Stage 2 tests is presented in 

Table 5.1. A sampling rate of 52.6 ksamples/sec was used during the recordings. The Vs- 
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log γ, G- log γ and G/Gmax -log γ curves from the Stage 2 tests that were performed in 

October 2005 are presented in Chapter 6. As further explained in Chapter 6, based on the 

results obtained from these tests, it is concluded that Type B sensors are more reliable 

than Type A sensors. It is also concluded that measurements at the shallower depth (3 ft 

(0.9 m)) might have been affected from being close to the ground surface and, thus, also 

recording interactions of waves from this boundary.  

In December 2005, Stage 2 tests with Thumper were repeated to investigate the 

changes that were caused by the previous tests. Only Type B sensors that were installed 

in October were recorded. A sampling rate of 52.6 ksamples/sec was used during the 

recordings. The sequence of the loading steps that were performed in these tests is 

presented in Table 5.2.  The Vs- log γ, G- log γ and G/Gmax -log γ curves of the Stage 2 

tests that were performed in December 2005 are presented in Chapter 6. Measurements 

made on December 12, 2005 at a depth of 4 ft (1.2 m) agree with those measured at the 

same depth in October 2005. However, at a depth of 3 ft (0.9 m), G-log γ data from 

December 2005 shows a lot of scatter. It is also concluded from these tests that a higher 

sampling rate should be used in recording the response from sensors.  

Additionally, in December 2005, at the beginning of Stage 2 tests, before 

Thumper was mounted on Shaft A, miniature crosshole tests were performed adjacent to 

Shaft A using the procedure described in Section 4.3.4. Table 5.4 presents the shear wave 

velocity measurements that were obtained from miniature crosshole tests.  

In February 2006, Stage 3 tests with T-Rex were performed using Shaft A and 

Type B sensors in the soil were recorded. The sequence of the static and dynamic loading 

steps that were performed in these tests is presented in Table 5.3. The testing procedure 

described in Section 4.3.2 was followed in these tests.  
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In December, 2005, a static load test (using the hydraulic ram behind T-Rex) with 

loading up to 20 kip (89 kN) was performed. The duration of the test was 3 to 5 minutes. 

The maximum vertical displacement due to the 20-kip (89-kN) load was about 0.02 in. 

(0.51 mm) and the permanent displacement was about 0.006 in. (0.152 mm). More static 

load tests (of duration 3 to 5 minutes) were performed on Shaft A during the Stage 3 

dynamic tests using T-Rex. In these static load tests Shaft A was loaded to a maximum of 

45-kip (200-kN) static level. The permanent settlement due to the 45-kip (200-kN) static 

load was about 0.055 in. (1.40 mm). At the 45-kip (200-kN) static level, several dynamic 

tests were performed. The permanent settlement of the shaft at the end of all tests was 

approximately 0.82 in. (20.8 mm).  

After all tests were completed, the test area was excavated using a back-hoe and 

by hand. The excavation was done to provide more accurate information about precise 

test configuration around Shaft A.  The excavation was performed on May 9, 2006. The 

information obtained during the excavation study was used to update the test results and 

only the updated ("final") test results are presented herein.  

The soil profile around Shaft A was investigated in the laboratory using disturbed 

and undisturbed samples collected in the field. The resulting information about the soil 

classification and soil index properties is presented in Tables 5.5 and 5.6 and Figures 5.21 

through 5.24. Based on the information presented in these tables and figures, the soil at 

the testing depth is classified as SM (silty sand) with an average fines content of 23%. In 

October 2005, water content at the testing depth was on the average 4% and total unit 

weight was around 101 pcf (15.9 kN/m3). The degree of saturation at this depth averaged 

about 14%. The relationship between suction and water content or degree of saturation 

for the soil at the testing depth was investigated by conducting a pressure chamber test 

with a saturated reconstituted specimen. At an air pressure of 0.1-psi (0.7 kPa) (this 



 210

pressure was the smallest pressure that could be applied with the available equipment) the 

saturated specimen came to equilibrium at a 13% degree of saturation. Therefore it is 

concluded that for this type of soil, suction pressures in the field may not be significant. 

A reconstituted 2-in. (51 mm) diameter specimen was tested using the RCTS 

device to determine the linear and nonlinear dynamic properties. The specimen is 

classified as SM (non-plastic silt) with a fines content of 13%. The variations of dynamic 

properties in the linear strain range, as determined from RC tests, for the reconstituted 

specimen are presented in Figures 5.26 through 5.27.  Based on the trends observed in Vs 

-log σ and log Gmax -log σ relationships, it was concluded that the specimen was like 

normally consolidated (see Section 5.8.3.1). The effect of excitation frequency on Vs, G 

and D is illustrated in Figures 5.28 through 5.30. No significant effect of f or N on Vs and 

Gmax was observed. 

Dynamic properties in the nonlinear strain range, as determined from RC tests, are 

presented in Figures 5.31 through 5.33. Comparison of the G/Gmax–log γ curves obtained 

from RC tests with the modulus reduction curves proposed by Seed et al. (1986) (curve 

for clean sands) and Darendeli (2001) (curve for sand, OCR=1) are presented in Figures 

5.34 and 5.35. At a 4 psi (27.6 kPa) confining pressure, RC test curve is close to the mean 

curves of Seed et al. (1986) and Darendeli (2001). At a 16- psi (110.3-kPa) confining 

pressure, RC test curve is closer to the upper bound curve of Seed et al. (1986). However, 

at a 16-psi (110.3-kPa) confining pressure, the RC curve agrees well with mean curve of 

Darendeli (2001). 
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Chapter 6:  Evaluation of Linear and Nonlinear Dynamic Field Tests 
using Shaft A (6-ft Long Drilled Shaft) 

6.1 INTRODUCTION  

In this chapter, results of the field tests performed using Shaft A are discussed. 

These tests were the first trials of the field method. Several sensors were installed around 

this shaft and a large number of measurements were made. The analysis and comparisons 

of the field results led to modifications in the test procedure and provided information to 

organize the next set of field tests using Shaft D (12-ft long drilled shaft). The field Vs-

log γ, G-log γ and G/Gmax-log γ curves that were evaluated from various tests around 

Shaft A are presented in this chapter to support the conclusions that were made at the end 

of these initial tests.  

As explained in this chapter, based on the tests performed using Shaft A, it was 

concluded that nonlinearity in the soil can be generated using the proposed field set-up. 

Second-generation sources that have the capacity to apply a sinusoidal load with a fixed 

number of cycles at a fixed frequency are more effective and efficient compared to the 

first-generation sources (hammers and the drop weight). Type B sensors which are 

embedded in the soil perform better than the Type A sensors which are pneumatically 

held in an open uncased borehole. It was also concluded that a higher sampling rate 

should be used in recording the response from the sensors and that more data should be 

collected in the linear-strain range. It was observed from these tests that repeating tests at 

high-strains affects the subsequent measurements. 
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6.2 FIELD VS-LOG γ, G-LOG γ AND G/GMAX- LOG γ CURVES FROM INITIAL FIELD 
TESTS DURING MAY 2005 USING FIRST-GENERATION SOURCES AND COMPARISONS 
WITH LABORATORY AND EMPIRICAL CURVES 

The configuration of the sensor array is presented in Figure 6.1. The Vs-log γ, G-

log γ and G/Gmax- log γ data from measurements made at a rectangular array of Sensors 

M3, M4, M6 and M7 are presented in Figures 6.2, 6.3 and 6.4, respectively.  The curves 

presented in Figures 6.2, 6.3 and 6.4, represent the values at the center of this rectangular 

array (see Section 5.2.2 and 4.3.3 for method of analysis). 

 
(a) Cross-section 

 
(b) Plan-view 

Figure 6.1 Illustration of the configuration of sensors that were installed around Shaft 
A in May 2005; the locations of the sensors are based on the information 
obtained during the excavation of the test area at the end of all field tests. 
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In Figures 6.2 through 6.4, the laboratory curve from reconstituted SM specimen 

is also shown for comparison (see Section 5.8 for details of the RCTS tests on the 

reconstituted SM specimen). The laboratory curve in these figures is adjusted to the 

estimated in-situ confining pressure of 1.6 psi (11 kPa) (assuming Ko = 0.5). Small-strain 

Vs values were adjusted using Vs-log σo relationship measured in low-amplitude RC tests 

(see Section 5.8.3.1). Data in Figures 6.2 through 6.4 indicate that linear to nonlinear 

behavior of the soil was achieved using hand-held hammers and the drop weight. 

Average shear strains measured in the field are in the range of 0.00001 to 0.05%. A 

comparison of the field and the laboratory measurements of Vs (hence G) shows that Vs 

values are higher in the field than in the laboratory (as expected). Small-strain Vs 

measured in the field is about 1.1 times the laboratory value. 

In Figures 6.2 through 6.4, it is also observed that in situ shear strains evaluated 

using the displacement-based approach and the plane wave propagation-based approach 

(see Section 5.2.2 for the explanation of these methods) show some differences. At shear 

strains below about a 0.01% strain level, shear strains evaluated using the wave-

propagation-based approach are almost twice as much as the shear strains evaluated using 

the displacement-based approach. Above a shear strain of 0.01%, shear strains evaluated 

using the displacement-based approach are approximately 1.5 times larger than the shear 

strains evaluated using the wave-propagation-based approach. However, in terms of a 

resulting shear modulus reduction curve, the difference is not very significant over the 

strain range generated in these tests when the modulus reduction curve is plotted in the 

traditional G - log γ graph. It is believed that the displacement based strain calculations 

are more correct and are therefore used in all calculations of strains hereafter.  
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Figure 6.2 Variation of shear wave velocity with shear strain evaluated from initial 

field tests using Shaft A, Type A sensors and first-generation sources, May 
2005. 
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Figure 6.3 Variation of shear modulus with shear strain evaluated from initial field tests 
using Shaft A, Type A sensors and first-generation sources, May 2005. 
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Figure 6.4 Variation of normalized shear modulus with shear strain evaluated from 

initial field tests using Shaft A, Type A sensors and first-generation sources, 
May 2005. 

A comparison of the field and laboratory G/Gmax-log γ curves shows that the field 

G/Gmax - log γ curve is above the laboratory determined curve with the reconstituted SM 

specimen. A hyperbolic curve was fit to the field data using least squares regression. The 

equation for the hyperbolic curve is: 
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G
γγ+

=
1

1

max

                                                                                            (6.1) 
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where rγ  (reference shear strain at G/Gmax  equals to 0.5) and a  are model parameters. 

The model parameters γr (the reference shear strain) and a for the field curve with 

displacement-based strains are 0.114 and 0.793, respectively. The value of γt
e
field for the 

field curve is about 0.001-0.002%.  

Comparisons of the field G/Gmax - log γ curve with the modulus reduction curves 

proposed by Seed et al. (1986) and Darendeli (2001) for sands are shown in Figures 6.5 

and 6.6.  The field data are close to the upper bound curve of Seed et. al. (1986) until 

about 0.01% strain. At higher strains, the field curve is above the upper bound curve for 

sands proposed by Seed et. al. (1986). The field curve is also above the mean plus one 

standard deviation curve for of Darendeli (2001). On the other hand, the laboratory curve 

matches well with mean trends proposed by both empirical curves. 

It should be noted here that the identification of arrival times from linear-strain 

range tests was not difficult. However, identification of arrival times from nonlinear-

strain range tests was not straightforward.  As it is for the tests using Shaft D (12-ft long 

drilled shaft, presented in Chapters 7 and 8) most consistent results were obtained at the 

first interval in the soil (i.e. Sensors M3-M4 and M6-M7, the results are presented 

above). Data from other sensors in the array showed inconsistency at medium to large 

strain range therefore not included here. However, the values of small-strain Vs were 

evaluated for all sensors and are tabulated in Table 6.1. Sensor G2 (which is inside the 

concrete shaft) was also included as part of the horizontal array by taking into account the 

P-wave travel time in the concrete (procedure is described in Section 4.3.3). Sensor G2 

was preferred to be used rather than Sensor G1 (which is also located inside Shaft A) 

since G2 is located much closer to the sensor array. Data in Table 6.1 show that the 

average small-strain Vs was around 565 fps (172 m/sec) with a c.o.v. of 0.09. 
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Figure 6.5 Comparison of variation of normalized shear modulus with shear strain 
evaluated from initial field tests using Shaft A, Type A sensors and first-
generation sources with curves proposed by Seed et al. (1986) for clean 
sands. 
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Figure 6.6 Comparison of variation of normalized shear modulus with shear strain 
evaluated from initial field tests using Shaft A, Type A sensors and first-
generation sources with curves proposed by Darendeli (2001) for clean 
sands.  
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Table 6.1 Small-strain shear wave velocities measured at the test location around Shaft 
A during May 2005 tests using first-generation sources and Type A sensors. 

Sensors Depth of 
Sensors 

(ft) 

Distance between 
Sensors  

(in.) 

Average Radial Distance  of 
Sensors to the Shaft 

(in.) 

Small-strain Shear 
Wave Velocity 

(fps)  
G2-M3 4  4.38 6.38 545 
M3-M4 4 6.25 5.38 554 
M4-M5 4 6.50 7.25 638 
G2-M6 3 5.50 5.88 538 
M6-M7 3 5.00 5.50 503 
M7-M8 3 6.38 7.00 615 

   Average 565 
   C.O.V. 0.09 

6.3 FIELD VS-LOG γ, G-LOG γ AND G/GMAX- LOG γ CURVES FROM TESTS DURING 
OCTOBER 2005 USING SECOND-GENERATION SOURCES AND COMPARISONS WITH 
LABORATORY AND EMPIRICAL CURVES 

The initial tests in May 2005 proved that nonlinearity can be generated in the field 

using the proposed test configuration. However, a controlled loading source would have 

been more advantageous in loading the shaft in increments and studying different 

parameters. Therefore, test procedure that involves second-generation sources (vibroseis 

trucks) was developed as noted in Sections 4.2.5 and 4.3.2. These sources have the 

capacity to apply a sinusoidal load with a fixed number of cycles at a fixed frequency. 

The waveforms recorded using the second-generation sources are superior to those 

obtained from the tests with the first-generation sources (hammers and drop weight). The 

method of analysis for impact tests (using first-generation sources), requires picking of 

the arrival times "by eye" to calculate Vs, and therefore involves some judgment. The 

analysis of records generated with second-generation sources does not involve judgment, 

and the process of reducing data can be easily automated and quantified. It was also 

concluded from these initial tests that the air pressure that was used to lock Type A 

sensors against the open borehole should be measured to not to exceed the estimated in 

situ mean total stress. Additionally, decision to try buried (embedded) sensors, also called 
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Type B sensors, was made to overcome the possible complications associated with open 

boreholes. 

Based on all these conclusions a new set of tests were planned and implemented 

during October 2005. The configuration of the sensors that were used to monitor the 

wave propagation generated during Stage 2 tests in October 2005 is presented in Figure 

6.7. The records from these tests were analyzed to obtain the field Vs-log γ, G-log γ and 

G/Gmax-log γ curves between adjacent sensors at the same elevation. Sensor G2 (which is 

inside the concrete shaft) was also included as part of the horizontal array by taking into 

account the P-wave travel time in the concrete (the procedure is described in Section 

4.3.3). Sensor G2 was preferred to be used rather than Sensor G1 (which is also located 

inside Shaft A) since G2 is located much closer to the sensor array.  

In the Stage 2 tests, Gmax, after high-strain- log γ curves, which show the change in 

Gmax as the magnitude of shear strains induced in the soil increases, were also 

determined.  In all G/Gmax-log γ curves, the values of Gmax are typically calculated as the 

average of shear modulus values measured at small strains (typically less than 10-3).  

All field data are compared to the laboratory data obtained from the reconstituted 

SM specimens (see Section 5.8.3). The laboratory curves in all figures were adjusted 

based on the estimated in-situ confining pressure (assuming Ko = 0.5). Small-strain Vs 

values were adjusted using the log Vs-log σo relationship measured in low-amplitude RC 

tests (see Section 5.8.3.1).  
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(a) Cross-section  

 
(b) Plan-view  

Figure 6.7 Illustration of the configuration of sensors that were installed around Shaft 
A in October 2005; the locations of the sensors are based on the information 
obtained during the excavation of the test area at the end of all field tests. 
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6.3.1 Sensors G2 and B3 (4 ft  (1.2 m) deep, mid-distance between the sensors is 2.19 
in. (57 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors G2 

(inside the concrete) and B3 (in the soil, closest to the shaft) are presented in Figures 6.8, 

6.9 and 6.10, respectively. Laboratory curves (with reconstituted SM specimen) are also 

shown for comparison. Thumper was the dynamic source in these Stage 2 tests.  

Data in Figures 6.8 through 6.10 indicate that shear strains measured in the field 

between Sensors G2 (inside the shaft) and B3 are in the range of 0.0008 to 0.13%. The 

small-strain Vs value from the dynamic field measurements at the 2000-lb (8.9 kN) and 

4000-lb (17.8 kN) static load levels is the same as the small-strain (low-amplitude) Vs 

measured in the laboratory. However, at a static load level of 8000 lb (35.6 kN), the field 

Vs-log γ  data from dynamic measurements are significantly lower than the dynamic 

measurements performed at the 2000-lb (8.9 kN) and 4000-lb (17.8 kN) static load levels. 

The exact reason is not known, however it is likely related to the static loading of the 

shaft.  

In Figure 6.10, the field G/Gmax-log γ data is shown. In this figure, the small-strain 

values measured at the 8000-lb (35.6-kN) static load level was not included in the 

calculation of Gmax. The data from 8000-lb (35.6-kN) static load level is ignored hereafter. 

At the end of the tests at a 4000-lb (17.8-kN) static load level Gmax reduced to 0.71. The 

field G/Gmax- log γ data is located above the laboratory G/Gmax- log γ data. The γt
e
 field is 

about 0.003-0.004% which is much higher than the γt
e
lab (about 0.0002 or 0.0003%).  

In Figure 6.11 the change in Gmax after larger strains were induced in the soil is 

shown. Gmax was not constant throughout the test Similar behavior was observed during 

the RCTS test with the reconstituted specimen (see Figure 5.38). Similar behavior is also 

observed during the field tests using Shaft D.  
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Figure 6.8 Variation of shear wave velocity with shear strain between Sensors G2 and 

B3 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure 6.9 Variation of shear modulus with shear strain between Sensors G2 and B3 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure 6.10 Variation of normalized shear modulus with shear strain between Sensors 

G2 and B3 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure 6.11 Change in small-strain shear modulus after high-strain tests between Sensors 

G2 and B3 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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A trend line that represents the field G/Gmax-log γ curve between Sensors G2 and 

B3 is presented in Figure 6.12. The trend line was determined by fitting the modified 

hyperbolic model to the field data using a least squares regression (modified hyperbolic 

model is expressed in Equation 6.1). The model parameters, a and γr, are 0.988 and 

0.093, respectively. The γr field (0.09%) is much higher than the value determined in the 

laboratory (approximately 0.029% based on the laboratory curve adjusted to the in-situ 

confining pressure).  

In Figures 5.12 and 5.13, the field G/Gmax- log γ curve is compared to the 

empirical curves proposed by Seed et al. (1986) and Darendeli (2001), respectively. 

Comparisons with empirical curves also show that the field curve is located above the 

ranges proposed by these empirical curves. 

 
Figure 6.12 Comparison of variation of normalized shear modulus with shear strain 

evaluated from field measurements between Sensors G2 and B3 with curves 
proposed by Seed et al. (1986) for clean sands. 
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Figure 6.13 Comparison of variation of normalized shear modulus with shear strain 

evaluated from field measurements between Sensors G2 and B3 with curves 
proposed by Darendeli (2001) for silt soils.  

Evaluations of the field tests using Shaft D (12-ft long drilled shaft) also showed 

similar results between the sensor in the shaft and the closest sensor in the soil (presented 

in Chapter 8).  As explained in Chapter 8, the possible reasons for the evaluated trend in 

G/Gmax- log γ are related to being in the zone with high nonlinearity and localized 

displacements between the shaft and the soil. This issue is addressed in Chapter 8. 

6.3.2 Sensors B3 and B4 (4 ft (1.2 m) deep, mid-distance between the sensors is 7.50 
in. (191 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors B3 and 

B4 (see Figure 6.7 for location of these sensors) are presented in Figures 6.14, 6.15 and 

6.16, respectively. The laboratory measurements from reconstituted SM specimen are 

also shown for comparison. Data in Figures 6.14 through 6.16 indicate that shear strains 

measured in the field between Sensors B3 and B4 are in the range of 0.0003 to 0.01%. At 

the end of the tests Gmax reduced to 0.80.  
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The small-strain Vs measured in the field is approximately 5% lower than the 

small-strain Vs measured in the laboratory. The small-strain Vs at a static load level of 

8000 lb (35.6 kN) is slightly higher than the values measured at the 2000-lb (8.9 kN) and 

4000-lb (17.8 kN) static load levels.   

The small-strain values measured at the 8000-lb (35.6-kN) static load level was 

not included in the calculation of Gmax. The field G/Gmax- log γ data is located slightly 

above the laboratory G/Gmax- log γ data. The γt
e
 field is about 0.001%. 

Figure 6.17 illustrates the change in Gmax as larger strains are induced in the soil. 

As seen in this figure, Gmax does not show a significant decrease within the strain range 

measured in the field indicating that the γt
c
 field is likely higher than 0.01%.  

 

 
Figure 6.14 Variation of shear wave velocity with shear strain between Sensors B3 and 

B4 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure 6.15 Variation of shear modulus with shear strain between Sensors B3 and B4 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure 6.16 Variation of normalized shear modulus with shear strain between Sensors 

B3 and B4 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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Figure 6.17 Change in small-strain shear modulus after high-strain tests between Sensors 

B3 and B4 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

A trend line that represents the field G/Gmax-log γ curve between Sensors B3 and 

B4 was determined using the modified hyperbolic model (Equation 6.1). The model 

parameters, a and γr, are 0.950 and 0.038, respectively. The γr field (0.038%) is slightly 

higher than the value determined in the laboratory (approximately 0.029% based on the 

laboratory curve adjusted to the in-situ confining pressure). The field curve is slightly 

above the laboratory curve of the reconstituted specimen. 

Figures 6.18 and 6.19, the field G/Gmax- log γ curve is compared to the empirical 

curves proposed by Seed et al. (1986) and Darendeli (2001), respectively. Comparisons 

with empirical curves show that the field curve is between the upper bound and mean 

curves for sands proposed by both empirical curves. 
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Figure 6.18 Comparison of variation of normalized shear modulus with shear strain 

evaluated from field measurements between Sensors B3 and B4 with curves 
proposed by Seed et al. (1986) for clean sands. 

 
Figure 6.19 Comparison of variation of normalized shear modulus with shear strain 

evaluated from field measurements between Sensors B3 and B4 with curves 
proposed by Darendeli (2001) for silt soils.  
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6.3.3 Sensors A3 and A4 (4 ft (1.2 m) deep, mid-distance between the sensors is 6.38 
in. (162 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors A3 and 

A4 (see Figure 6.7 for location of these sensors) are presented in Figures 6.20, 6.21 and 

6.22, respectively. The laboratory measurements from reconstituted SM specimen are 

also shown for comparison. Data in Figures 6.20 through 6.22 indicate that shear strains 

measured in the field between Sensors A3 and A4 are in the range of 0.0002 to 0.009%. 

At the end of the tests Gmax reduced to 0.80.  

The small-strain Vs measured in the field is approximately 14% higher than the 

small-strain (low-amplitude) Vs measured in the laboratory. The trend in the G/Gmax- log 

γ data seems to agree with the laboratory measurements. However, as seen in the figures, 

there is a significant scatter in the data when compared to those collected with Type B 

sensors. Figure 6.23 illustrates the change in Gmax as larger strains are induced in the soil. 

As seen in this figure, Gmax also show a significant scatter with indication of decreasing 

Gmax with increasing shear strain.  

6.3.4 Sensors B4-B5, B5-B6, G2-B7, B7-B8, B8-B9, B9-B10, G2-A3, A4-A5, G2-A6, 
A6-A7, and A7-A8 

Field measurements between the rest of the sensors (B4-B5, B5-B6, G2-B7, B7-

B8, B8-B9, B9-B10, G2-A3, A4-A5, G2-A6, A6-A7, and A7-A8) were also evaluated. 

Field G-log γ and G/Gmax-log γ curves obtained between these sensors are given in 

Appendix D.  

In general, data from Type A sensors show a lot more scatter than those measured 

with Type B sensors. The field G/Gmax-log γ data between B4-B5, B5-B6 and B7-B8 

show an increase in Gmax at the 8000-lb (35.6 kN) static load level. The field G/Gmax-log γ 

data between Sensors B9 and B10 show a trend similar to that of the laboratory curve. 

The field G/Gmax-log γ data between sensor intervals G2 -B7 and G2-A3 (the intervals 
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between the shaft and the soil) show a similar trend to that observed between Sensors G2 

and B3 where the field data are above the laboratory data at higher strains and exceed the 

range proposed by the empirical curves for sands. Data measured from sensor intervals 

G2-A6, A6-A7 and A7-A8 exhibit a lot of scatter and do not show a clear trend. One 

reason might be that the amount of air pressure in the bladders holding these sensors did 

not provide good coupling inside the borehole. Type A sensors were found to be less 

reliable compared to Type B sensors. Type B sensors are also advantageous since they do 

not require an open borehole as Type A sensors which may cause additional 

complications for the measurements. It was concluded that Type B sensors should be 

adopted for the later tests. 

 
Figure 6.20 Variation of shear wave velocity with shear strain between Sensors A3 and 

A4 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure 6.21 Variation of shear modulus with shear strain between Sensors A3 and A4 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure 6.22 Variation of normalized shear modulus with shear strain between Sensors 

A3 and A4 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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Figure 6.23 Change in small-strain shear modulus after high-strain tests between Sensors 

A3 and A4 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

6.3.5 Comparison of Stage 2 Field Tests in October 2005 (using Thumper) with 
Tests in May 2005 (using First-Generation Sources) 

In Table 6.2, the small-strain Vs values measured in October 2005 Stage 2 tests 

(using Thumper as source) are compared to those measured during May 2005 using hand-

held hammers. As seen in Table 6.2, average small-strain Vs values from May 2005 field 

tests is similar to that was measured in October 2005. In general, Vs values from later 

tests (October 2005) are lower. There is also an indication of a systematic increase in 

small-strain Vs as the radial distance from the shaft increases. 
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Table 6.2 Small-strain shear wave velocities measured at the test location around Shaft 
A during May 2005 and October 27, 2005.  

Sensors Date of Tests/ Source Depth of 
Sensors 

(ft) 

Distance 
between 

Sensors (in.) 

Average Radial 
Distance of 

Sensors to Shaft 
(in.) 

Small-strain 
Shear Wave 
Velocity (fps) 

G2-M3 May 2005/ Hammers 4  4.38 6.38 545 
M3-M4 May 2005/ Hammers 4 6.25 5.38 554 
M4-M5 May 2005/ Hammers 4 6.50 7.25 638 
G2-M6 May 2005/ Hammers 3 5.50 5.88 538 
M6-M7 May 2005/ Hammers 3 5.00 5.50 503 
M7-M8 May 2005/ Hammers 3 6.38 7.00 615 

    Average 565 
    C.O.V. 0.09 

G2-B3 October 2005/ Thumper 4  4.38 2.19 490 
B3-B4 October 2005/ Thumper 4 6.25 7.50 464 
B4-B5 October 2005/ Thumper 4 6.50 13.88 460 
B5-B6 October 2005/ Thumper 4 5.50 19.88 489 
G2-A3 October 2005/ Thumper 4 5.00 2.50 517 
A3-A4 October 2005/ Thumper 4 6.38 8.19 557 
A4-A5 October 2005/ Thumper 4 3.75 13.25 625 
G2-B7 October 2005/ Thumper 3  4.63 2.31 436 
B7-B8 October 2005/ Thumper 3 5.75 7.50 508 
B8-B9 October 2005/ Thumper 3  6.75 3.75 599 

B9-B10 October 2005/ Thumper 3  6.00 20.13 569 
G2-A6 October 2005/ Thumper 3 3.63 1.81 560 
A6-A7 October 2005/ Thumper 3 6.13 6.69 592 
A7-A8 October 2005/ Thumper 3 4.38 11.94 622 

    Average 535 
    C.O.V. 0.12 

It should be noted here that the soil was subjected to high strains during May 11, 

2005 tests (the maximum shear strain measured in these tests was about 0.05%, see 

Section 6.2). It is likely that the soil within a distance of about 1 ft (0.3 m) away from the 

shaft was changed during these tests and therefore measurements made in later dates may 

not represent the natural variability of the soil deposit. The field G-log γ and G/Gmax - log 

γ curves from sensors B3-B4 (October 2005) and the curve from May 2005 are compared 

in Figure 6.24 and 6.25, respectively.  As seen in these figures, the data from the initial 

test are above the measurements made in October 2005.  
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Figure 6.24 Comparison of variation of shear modulus with shear strain measured from 

Stage 2 field tests October 27, 2005 with that measured in the initial field 
tests in May 11, 2004 (hammers and the drop weight).  

 
Figure 6.25 Comparison of variation of normalized shear modulus with shear strain 

measured from Stage 2 field tests October 27, 2005 with that measured in 
the initial field tests in May 11, 2004 (hammers and the drop weight). 
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One reason for the lower values of G in October 2005 tests, as explained above, is 

that the soil had previously been subjected to high strains during the May 2005 tests (the 

maximum shear strain measured in these tests was about 0.05%).  These tests likely 

changed the soil conditions around the shaft. Another reason that might have contributed 

to the change in G values is the amount of air pressure in the Type A sensors in the initial 

tests. As mentioned before, the air pressure in Type A sensors was not being monitored 

during the initial tests in May 2005. It is possible that the air pressure was too high 

causing additional lateral stresses in the soil right around the sensor. Another potential 

reason would be spatial variability in soil index properties. Finally, one more contribution 

to the difference could come from different types of sources that were used to load the 

shaft. In the initial tests impact sources with high frequency contents were used. In the 

later tests, hydraulic shakers were used to load the shaft with several numbers of loading 

cycles at a much lower fixed frequency. The effect of f and N on G/Gmax-log γ curve may 

contribute to the difference observed between two sets of tests. It should also be 

acknowledged that the initial test results in the nonlinear strain range are not as reliable as 

the tests performed later, since the later tests involved more measurements using an 

improved method of testing. The main benefit of the all field tests conducted using Shaft 

A has been to gain experience with the new test method and to use this experience to 

organize the next set of tests with the deeper shaft (i.e. Shaft D). 

In Figures 6.26 and 6.27, comparisons with empirical curves are shown. As seen 

in these figures, the field curve from October 2005 is between the mean and upper bound 

curves for sands proposed by Seed et al. (1986). The field curve from October 2005 is 

close to the mean plus one standard deviation curve of Darendeli (2001).  
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Figure 6.26 Comparison of variation of normalized shear modulus with shear strain 

measured from Stage 2 field tests October 27, 2005 and from the initial field 
tests in May 11, 2004 (hammers and the drop weight) with curves proposed 
by Seed et al. (1986) for clean sands. 

 
Figure 6.27 Comparison of variation of normalized shear modulus with shear strain 

measured from Stage 2 field tests October 27, 2005 and from the initial field 
tests in May 11, 2004 (hammers and the drop weight) with curves proposed 
by Darendeli (2001) for sands. 
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6.4 FIELD VS-LOG γ, G-LOG γ AND G/GMAX- LOG γ CURVES FROM TESTS ON 
DECEMBER 2005 AND COMPARISONS WITH OCTOBER 2005 TESTS 

Tests in October 27, 2005 showed that Thumper could be efficiently used to 

conduct the field dynamic tests. Based on the results obtained on these tests it was 

concluded that Type B sensors are more reliable than Type A sensors. It was also 

concluded that more measurements should be done in the small-strain range. During the 

tests in October 2005 it was observed that at some sensor intervals small-strain Vs 

changed when the static load level was increased. To investigate these changes more tests 

were conducted on December 12, 2005 using Type B sensors only. The measurements 

were analyzed using the method described in Section 4.3.3. The field G-log γ and 

G/Gmax-log γ curves from these tests are compared to curves obtained in October 27, 

2005 tests. 

6.4.1 Sensors G2 and B3  

The field G-log γ and G/Gmax-log γ curves, measured between Sensors G2 and B3 

(see Figure 6.7 for location of these sensors) are presented in Figures 6.28 and 6.29, 

respectively. Figure 6.28 shows that the data measured in December 2005 tests agrees 

well with the data measured at a static load level of 8000 lb (35.6 kN) during October 

2005 tests indicating that the change in G that was observed when the shaft was loaded 

with a static load level of 8000 lb (35.6 kN) in October 2005 tests was a permanent 

disturbance.  

6.4.2 Sensors B3 and B4  

The field G-log γ and G/Gmax-log γ curves, measured between Sensors B3 and B4 

(see Figure 6.7 for location of these sensors) are presented in Figures 6.30 and 6.31, 

respectively. These figures show that Gmax value measured in December 2005 tests is 

slightly lower when compared to that measured during October 2005 tests.  
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Figure 6.28 Comparison of variation of shear modulus with shear strain between Sensors 

G2 and B3 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 

 
Figure 6.29 Variation of normalized shear modulus with shear strain between Sensors 

G2 and B3 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 
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Figure 6.30 Comparison of variation of shear modulus with shear strain between Sensors 

B3 and B4 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 

 
Figure 6.31 Variation of normalized shear modulus with shear strain between Sensors 

B3 and B4 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 
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6.4.3 Sensors B4-B5, B5-B6, G2-B7, B7-B8, B8-B9 and B9-B10 

Field measurements between sensors B4-B5, B5-B6, G2-B7, B7-B8, B8-B9 and 

B9-B10 were also evaluated. Measurements from B4-B5 and B5-B6 show an increase in 

G compared to the measurements from October 2005 tests. Similar behavior was 

observed from the field tests using Shaft D (presented in Chapter 8).  This issue is 

addressed in Chapter 8 while discussing results from tests using Shaft D. Measurements 

at a 3 ft (0.9 m) depth (G2-B7, B7-B9, and B8-B10) show significant scatter with no 

clear trend. It was concluded that field tests repeated at high-strains affect the subsequent 

measurements and that the original tests cannot be reproduced in the small-to medium-

strain range. 

6.5 FIELD MEASUREMENTS FROM STAGE 3 TESTS ON FEBRUARY 9, 2006 

On February 9, 2006, Stage 3 tests with T-Rex were performed using the same 

Type B sensors that were used in October tests. Field measurements from Stage 3 tests 

(using T-Rex) on February 9, 2006 were evaluated using the method of analysis 

described in Section 4.3.3. However, the resulting G- log γ data was unreasonably 

scattered for all sensor intervals. The field G-log γ data from sensor intervals G2-B3 and 

B3-B4 are shown in Appendix D as examples of results. There is a common trend where 

G increases with increasing shear strain. Similar results were obtained from the field tests 

using Shaft D (presented in Chapter 8).  The possible reasons are discussed in Chapter 8 

while presenting the results from tests using Shaft D.   

6.6 SUMMARY 

The tests using Shaft A were the initial attempts of the new field method. The 

main benefit of the all field tests conducted using Shaft A has been to gain experience 

with the new test method and to use this experience to organize the next set of tests with 
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the deeper shaft (i.e. Shaft D). Results from field measurements from the tests using Shaft 

A are presented to provide information on the conclusions made at the end of these initial 

tests.   

The field G-log γ and G/Gmax- log γ curves from first tests performed during May 

2005 using first-generation sources (and Type A sensors) proved that nonlinearity can be 

generated in the field using the proposed test configuration. Shear strains measured in 

these tests were in the range of 0.00001 to 0.05%. A comparison of the field and the 

laboratory measurements showed that the field G-log γ and G/Gmax- log γ curves are 

above the laboratory curve of the reconstituted specimen. At the end of these tests it was 

concluded that a controlled loading source such as vibroseis trucks would be more 

advantageous in loading the shaft in increments. These sources have the capacity to apply 

a sinusoidal load with a fixed number of cycles at a fixed frequency. The waveforms 

recorded using the second-generation sources are superior to those obtained from the tests 

with the first-generation sources (hammers and the drop weight). The method of analysis 

for impact tests (using first-generation sources), requires picking of the arrival times "by 

eye" to calculate Vs (see Section 4.3.3 for details). The analysis of records generated with 

second-generation sources can be automated and quantified (see Section 4.3.3 for 

details). It was also concluded from these initial tests that the air pressure that was used to 

lock Type A sensors against the open borehole should be measured to not to exceed the 

estimated in situ mean total stress. The decision to try buried (embedded) sensors, also 

called Type B sensors, was made to overcome the possible complications associated with 

open boreholes. 

Based on all these conclusions a new set of tests were planned and implemented 

during October 2005. The records from these tests were analyzed to obtain the field Vs-

log γ, G-log γ and G/Gmax-log γ curves between adjacent sensors as described in Section 
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4.3.3. The field Gmax, after high-strain- log γ curves, which show the change in Gmax as the 

magnitude of shear strains induced in the soil increases, were also obtained. The results 

from these tests were presented in Section 6.3 and Appendix D.  

The measurements from the intervals between the shaft and the first sensor in the 

soil showed more linear behavior than the rest of the measurements made in these test (as 

it is observed from the tests using Shaft D, 12-ft deep drilled shaft). The most consistent 

results were obtained with Type B sensors at the deeper depth (4 ft (1.2 m) at the first 

interval in the soil (i.e. Sensors B3-B4). The field G-log γ data from this interval was 

below the values measured in May 2005 field tests. The field G/Gmax-log γ data from this 

interval was slightly above the laboratory curve and below the field curve from May 2005 

tests. It was concluded that the May 2005 test might have disturbed the soil. Also, the air 

pressure in Type A sensors was not being monitored during the initial tests in May 2005. 

It is possible that the air pressure was too high and caused additional lateral stresses in the 

soil around the sensor. During the October 2005 tests, measurements using Type A 

sensors showed more scatter than those using Type B sensors. It was concluded that the 

Type B sensors are more reliable and should be adopted in the later tests.  

More Stage 2 tests were conducted in December 2004 using Thumper and Stage 3 

tests in February 2006 using T-Rex. Based on the results obtained from these tests it was 

concluded that the field tests should not be repeated many times at larger strains. 

The main benefit of the all field tests conducted using Shaft A has been to gain 

experience with the new test method and to use this experience to organize the next set of 

tests with the deeper shaft (i.e. Shaft D). 



 246

Chapter 7:  Linear and Nonlinear Field Tests using Shaft D (12 ft-Long 
Drilled Shaft) and Complimentary Laboratory Tests  

7.1 INTRODUCTION  

In this chapter, all field tests (linear and nonlinear) performed around Shaft D (a 

12-ft long drilled shaft, see Section 4.2.1 for information about Shaft D) are described in 

detail. A significant number of tests were performed so the description in Chapter 7 is 

rather extensive. Therefore, measurements, data analysis and evaluation of the linear and 

nonlinear shear stiffness of the soil mass adjacent to Shaft D are presented in Chapter 8. 

Linear and nonlinear dynamic laboratory tests performed on intact samples 

collected from this test location are presented and discussed in this chapter. The dynamic 

laboratory tests provide the basis for comparison with the linear and nonlinear shear 

stiffness of the soil evaluated from the field measurements. Comparisons of the field and 

laboratory results are presented in the Chapter 8.  

Complimentary tests such as static load tests on the drilled shaft, soil index 

property tests and the soil- moisture characteristic curve as well as the excavation of the 

test area are also described and presented in this chapter.  

7.2 INSTALLATION OF SENSORS AND UNDISTURBED SAMPLE COLLECTION  

On January 30 and 31, 2006, ten Type B sensors were installed in five 2.5-in. (64-

mm) diameter boreholes around Shaft D. (Type B sensors are discussed in Section 

4.2.2.1). The configuration of sensors that were installed adjacent to Shaft D is illustrated 

in Figure 7.1. Later, Figure 7.1 is updated using the information obtained during the 

excavation of the test area (see Section 7.5).  
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        (a) Planned Configuration .            (b) Estimated Configuration after Installation. 

Figure 7.1 Illustration of the configuration of sensors that were installed around Shaft D (12-ft long shaft) on January 30 and 
31, 2006; the estimated locations of the sensors at the end of installation are based on the radial distance and the 
deviation from vertical measurements that were done during the installation process. 
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Sensors G5, G6, G7, G10, G11 and G12 were installed on January 30, 2006. 

Sensors G3, G4, G8 and G9 were installed on January 31, 2006. The procedure that was 

followed during installation of sensors is described in Section 4.2.2.2. 

The radial distances of the boreholes in which the sensors were to be embedded 

were marked before starting the installation procedure. The radial distances were 

referenced to the center of the shaft. As described in Section 4.2.2.2, the cone-

penetrometer functionality of T-Rex was used to open vertical boreholes. T-Rex was 

positioned such that the pushing ram at the rear of the vehicle was aligned with the target 

location of the borehole. A 2.5-in. (64-mm) diameter, 36-in. (914-mm) long, thin-walled 

sampling tube was then pushed into the ground in 30±2-in. (762±51-mm) intervals. The 

verticality of the tube was checked with a hand level to ensure that the tube would 

advance into the ground with the vertical orientation (see Figure 7.2a).  

Each time the tube was recovered, much of the soil was extruded and kept in a 

bucket (to be used in backfilling later). The remainder of the soil was collected for 

laboratory testing. The empty tube was then pushed back into ground. This process was 

continued until the depth of the open borehole with respect to the top of the shaft was 

approximately 97±2 in. (2464±51 mm). (The top of the shaft was approximately 6 in. 

(153 mm) above the ground surface). A long carpenter's level was used to check the 

elevation with respect to the top of the shaft (see Figure 7.2b).  

The soil that was recovered from the last tube pushed into the ground (the soil 

inside the bottom half of this tube represents the material where the sensor arrays would 

be installed) was kept separately, to be analyzed subsequently in the laboratory (see 

Figure 7.2c).  Water content samples from the soil that represents the testing depth were 

also taken while in the field. 
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After opening the boreholes to the desired depth, the sensor installation process 

started. The procedure that was followed during the installation process is described in 

Section 4.2.2.2. The bottom of each sensor in the first array (deeper array) was planned to 

be at a depth of 90 in. (2286 mm) below the top of the shaft. The bottom of each sensor in 

the second array (shallower array) was planned to be at a depth of 78 in. (1981 mm) 

below the top of the shaft. However, sensor G8 was installed at a 74-in. (1880-mm) depth 

below the top of the shaft due to a local collapse in the borehole during the installation of 

this sensor. The top 2.0 ft (0.7 m) of each borehole was backfilled using dry coarse sand 

(to make up for the soil that was kept for laboratory analysis).  

 
                 (a)                                      (b)             (c) 
Figure 7.2 Installation of Type B sensors was done following the procedure described 

in Section 4.2.2.2. A few more details are shown in these pictures: (a) 
verticality of the 2.5-in. (64-mm) O.D. thin-walled tubes was checked with a 
hand level as the tube was advancing into the ground, (b) the depth of the 
boreholes with respect to the top of the shaft was approximately 97±2 in. 
(2464±51 mm), and (c) some soil that was recovered from the testing was 
kept for laboratory analysis.  
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Measurements of the radial distance to the center of the shaft as well as the 

deviation from the vertical were done (using levels and rulers) for each sensor during the 

installation procedure. Figure 7.1b illustrates the location of the sensors at the end of 

installation based on the measurements done during the installation procedure. One 

reason for the distances between the sensors being different in Figure 7.1a and Figure 

7.1b was a consequence of the difficulty of positioning T-Rex within such precision. The 

exact distances between the sensors were determined later, when the test area was hand-

excavated after all field tests were completed (see Section 7.5). On January 31, 2006, 

undisturbed samples using 3-in. (76.2-mm) O.D. ASTM thin-walled Shelby tubes were 

also collected at two locations adjacent to the test area around Shaft D using the 

procedure described in Section 3.3. The locations of the sampling holes (SD-1 and SD-2, 

each approximately 7.5-ft (2.3-m) deep) along with the projected surface locations of the 

embedded sensors around the shaft are shown in Figure 7.3.  

 
Figure 7.3 Locations of sensor arrays and two sampling boreholes on the plan view 

around Shaft D.  
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7.3 LINEAR AND NONLINEAR DYNAMIC FIELD TESTS  

As described in Chapter 4, a staged testing procedure was followed during the 

dynamic field tests. The testing took place during February 6 through 13, 2006. 

Additional tests were done on March 10 and March 16, 2006. The load-time history of all 

field testing that was performed around Shaft D is illustrated in Figure 7.4.  

7.3.1 Stage 1 Tests: Linear-Strain Range Tests using Hand- Held Hammers 

On February 6, 2006, the first stage tests (called Stage 1 tests) were performed 

using various hand-held hammers. Different types of hammers were used to create 

vertical impacts on top of the shaft as described in Section 4.3.2. Different shapes and 

materials of the hammer tips were used to deliver impacts with different frequency 

contents. The smallest impact (but large enough to monitor adequately) was used to 

ensure that the small-strain shear wave velocity was measured. Shear wave velocities in 

the small-strain range (typically around 10-4%) were obtained from these tests. An 

average of 5 impacts was recorded at each test run (VXI data acquisition system enables 

previewing of each impact prior to accepting it for averaging). A sampling rate of 200 

ksamples/sec was used for recording. Since this sampling rate is available only for eight 

channels (see details about VXI data acquisition system in Section 4.2.6), the sensors 

were recorded in two groups. Sensors G1, G2, G3, G4, G5, G8, G9 and G10 were 

recorded first and Sensors G1, G2, G5, G6, G7, G10, G11 and G12 were recorded next. 

Several tests runs (each averaged from 5 impacts) were performed with each type 

of hammer. Typical waveforms recorded at each sensor location using two different 

hammers are shown in Figures 7.5 and 7.6 (only records for sensors G1, G2, G3, G4, G5 

are shown for simplicity). The direct arrival times are denoted on Figures 7.5 and 7.6 

with black dots, "•". Direct arrival times were used to calculate shear wave velocity 

values. Analysis of the results from these tests is presented in Chapter 8. 
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Figure 7.4 Illustration of staged field testing performed around Shaft D, February-March, 2006.  
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Figure 7.5 Typical waveforms recorded during hammer tests around Shaft D using one 
type of hammer (hard rubber tip), February 6, 2006.  

 
Figure 7.6 Typical waveforms recorded during hammer tests around Shaft D using 

another type of hammer (flat steel tip), February 6, 2006. 
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7.3.2 Stage 2 Tests: Linear- to Nonlinear-Strain Range Tests using Thumper 

In the second-stage tests, Thumper was mounted on Shaft D, and the testing 

procedure described in Section 4.3.2 was followed. Three static load levels were used. At 

each static load level, sinusoidal loading was applied for 15 cycles at a fixed frequency of 

55 Hz. This frequency was selected because the frequency response curve measured in 

the field had a resonance around this frequency, so that "'large" motions could be excited 

in the shaft. 

The sequence of the loading steps that were performed in the Stage 2 tests 

(February 7, 2006) are presented in Table 7.1. The highest static load applied to the shaft 

using Thumper was 8 kip (36 kN). The highest dynamic load applied to the shaft at this 

static load level was 6 kip (27 kN) (the total of maximum static and dynamic load was 14 

kip (63 kN)). Small-strain tests were repeated each time after a higher level of strain was 

induced in the soil mass so that any changes in the soil skeleton could be monitored. 

At each loading step, tests were repeated 3 to 5 times to account for measurement 

variability. Fewer repetitions were used at higher loading levels where the number of 

loading cycles could effect the measurements. A sampling rate of 200 ksamples/sec was 

used during the recordings. Since this sampling rate is available only for eight channels at 

a time, sensors were recorded in two groups (each group was recorded simultaneously). 

At each level of dynamic loading, Sensors G1, G2, G3, G4, G5, G8, G9 and G10 were 

recorded first and Sensors G1, G2, G5, G6, G7, G10, G11 and G12 were recorded next.  

Figures 7.7 through 7.14 illustrate typical records that were collected at the 8 

different loading levels (ranging from linear to nonlinear strains). Only records from the 

first group of sensors that are located at a depth of 7 ft (2.1 m) (i.e, G1, G2, G3, G4 and 

G5) are shown for simplicity. Analyses and evaluated results of the Stage 2 tests that 

were performed on February 7, 2006 are presented in Chapter 8. 
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Table 7.1 Sequence of loading steps that were performed in the Stage 2 tests around 
Shaft D using Thumper, February 7, 2006. 

Static Load 
(lb) 

Dynamic Load 
(lb) 

Description 
of Test 

2000 ±180 15 cycles at 55 Hz 
 ±240 15 cycles at 55 Hz 
 ±360 15 cycles at 55 Hz 
 ±480 15 cycles at 55 Hz 
 ±600 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±720 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±840 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±960 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1080 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1200 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 

4000 ±180 15 cycles at 55 Hz 
 ±600 15 cycles at 55 Hz 
 ±1200 15 cycles at 55 Hz 
 ±1440 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±1800 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±2400 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 

8000 ±180 15 cycles at 55 Hz 
 ±1200 15 cycles at 55 Hz 
 ±3600 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
 ±6000 15 cycles at 55 Hz 
 ±180 15 cycles at 55 Hz 
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Figure 7.7 Typical waveforms recorded during tests with Thumper, 15 cycles of ±180-

lb dynamic load at 55 Hz (linear- strain range), February 7, 2006. 

 
Figure 7.8 Typical waveforms recorded during tests with Thumper, 15 cycles of ±480-

lb dynamic load at 55 Hz (linear- strain range), February 7, 2006. 
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Figure 7.9 Typical waveforms recorded during tests with Thumper, 15 cycles of ±840-

lb dynamic load at 55 Hz (linear- to nonlinear- strain range), February 7, 
2006. 

 
Figure 7.10 Typical waveforms recorded during tests with Thumper, 15 cycles of 

±1200-lb dynamic load at 55 Hz (linear- to nonlinear- strain range), 
February 7, 2006. 
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Figure 7.11 Typical waveforms recorded during tests with Thumper, 15 cycles of 

±1800-lb dynamic load at 55 Hz (nonlinear- strain range), February 7, 2006. 

 
Figure 7.12 Typical waveforms recorded during tests with Thumper, 15 cycles of 

±2400-lb dynamic load at 55 Hz (nonlinear- strain range), February 7, 2006. 
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Figure 7.13 Typical waveforms recorded during tests with Thumper, 15 cycles of 

±3600-lb dynamic load at 55 Hz (nonlinear- strain range), February 7, 2006. 

 
Figure 7.14 Typical waveforms recorded during tests with Thumper, 15 cycles of 

±6000-lb dynamic load at 55 Hz (nonlinear- strain range), February 7, 2006. 
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7.3.3 Stage 3 Tests: Nonlinear-Strain Range Tests using T-Rex 

The third stage of testing involved using T-Rex as the next larger energy source. 

The sequence of the static and dynamic loading steps that were performed in the Stage 3 

tests (February 13, 2006) are presented in Table 7.2. The highest static load applied to the 

shaft using T-Rex was 50 kip (222 kN). The highest dynamic load applied to the shaft at 

this static load level was 35 kip (156 kN) (the total of maximum static and dynamic load 

was 85 kip (378 kN)). 

Before mounting T-Rex on Shaft D, a static load test (using the hydraulic ram 

behind T-Rex) with loading up to 20 kip (89 kN) was performed on the shaft. Details of 

the static load test and resulting load- settlement behavior of the shaft are presented in 

Section 7.4.  

T-Rex was then mounted on Shaft D (base plate of T-Rex is centered on top of the 

shaft). The testing procedure described in Section 4.3.2 was followed. Four static load 

levels were used. At each static load level, sinusoidal loading was applied as 10 or 15 

cycles at a frequency of 55 Hz (10 cycles were applied instead of 15 cycles at higher 

dynamic load levels). Static load tests (of duration 3 to 5 minutes) were performed every 

time the static load level was being increased. Also, the settlement of the shaft was 

monitored during the dynamic loading of the shaft. Details and results of these static load 

tests are presented in Section 7.4.  

Strain levels induced during the dynamic tests were in the range of 0.002 to 0.2%. 

At lower loads, tests were repeated 3 times to account for measurement variability. One 

or two repetitions were used at high loading levels where the shaft was found to be 

settling with each cycle of loading. At the end of the Stage 3 tests, the total permanent 

settlement of the shaft due to static and dynamic loads was about 1.0 in. (254 mm) (see 

Section 7.4).  
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Table 7.2 Sequence of loading steps that were performed in the Stage 3 tests around 
Shaft D using T-Rex, February 13, 2006. 

Static  
Load 
(lb) 

Dynamic 
Load 
(lb) 

Description 
of Test 

 

0 to 20000 to 0 - 
Loading and unloading in 4 minutes  

(using the ram behind T-Rex) 
0 to 5000 - Loading in 3 minutes (using base plate of T-Rex) 

5000 ±1000 15 cycles at 55 Hz 
5000 to 10000 - Loading in 3 minutes (using base plate of T-Rex) 

10000 ±3000 15 cycles at 55 Hz 
10000 to 20000 - Loading in 3 minutes (using base plate of T-Rex) 

20000 ±5000 15 cycles at 55 Hz 

0 to 50000 to 0 - 
Loading and unloading in 5 minutes  

(using base plate of T-Rex) 
0 to 50000 - Loading in 5 minutes (using base plate of T-Rex) 

50000 ±20000 15 cycles at 55 Hz 
 ±35000 15 cycles at 55 Hz 

In the Stage 3 tests, the records were collected in the same way as it was with 

Stage 2 tests. Figures 7.15 through 7.18 illustrate typical records that were collected at 4 

different loading levels (in the nonlinear-strain range). Only records from first group of 

sensors that are located at a depth of 7 ft (2.1 m), (i.e, G1, G2, G3, G4, G5) are shown for 

simplicity. Analyses and evaluated results of the Stage 3 tests that were performed on 

February 13, 2006 are presented in Chapter 8. 

7.3.4 Repetition of Stage 2 Tests using Thumper (after Stage 3 Tests using T-Rex) 

Stage 2 tests with Thumper were repeated on March 10, 2006 to investigate 

changes caused by high-force tests that were performed on February 13, 2006. A similar 

sequence of loading steps that was applied on February 7, 2006 was used. Table 7.3 

presents the loading steps used on March 10, 2006. The tests were recorded in the same 

way as it was done on February 7, 2006 tests with Thumper. Analyses and evaluated 

results of the repetition Stage 2 tests that were performed on March 10, 2006 are 

presented in Chapter 8. 
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Figure 7.15 Typical waveforms recorded during tests with T-Rex, 15 cycles of ±3000-lb 

dynamic load at 55 Hz (nonlinear- strain range), February 13, 2006. 

 
Figure 7.16 Typical waveforms recorded during tests with T-Rex, 10 cycles of ±5000-lb 

dynamic load at 55 Hz (nonlinear- strain range), February 13, 2006. 
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Figure 7.17 Typical waveforms recorded during tests with T-Rex, 10 cycles of ±20000-

lb dynamic load at 55 Hz (nonlinear- strain range), February 13, 2006. 

 
Figure 7.18 Typical waveforms recorded during tests with T-Rex, 10 cycles of ±35000-

lb dynamic load at 55 Hz (nonlinear- strain range), February 13, 2006. 
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Table 7.3 Repetition of Stage 2 tests using Thumper (after Stage 3 Tests using T-Rex), 
March 10, 2006. 

Static Load 
(lb) 

Dynamic Load 
(lb) 

Description 
of Test 

2000 180 15 cycles at 55 Hz 
 360 15 cycles at 55 Hz 
 600 15 cycles at 55 Hz 
 1200 15 cycles at 55 Hz 

4000 840 15 cycles at 55 Hz 
 1200 15 cycles at 55 Hz 
 1800 15 cycles at 55 Hz 
 2400 15 cycles at 55 Hz 

8000 2400 15 cycles at 55 Hz 
 3600 15 cycles at 55 Hz 
 6000 15 cycles at 55 Hz 

7.3.5 Miniature Crosshole Tests 

Miniature crosshole tests were performed on March 16, 2006 as described in 

Section 4.3.4. The source rod (1.5-in. (38-mm) diameter) was pushed into the ground 

adjacent to the sensor arrays embedded in the soil using the hydraulic ram behind T-Rex. 

Crosshole tests (for measurement of SV or Shv waves) between the source rod and the 

sensor arrays were performed while the source rod was advanced into the ground at 

successively increasing depths. Table 7.4 describes the crosshole tests that were 

performed on March 16, 2006. Figure 7.19 shows the configuration that was used in the 

crosshole tests.  

Table 7.4 Miniature crosshole tests, March 16, 2006. 

Test No. Depth of the 
Source Rod Cone Tip, ft 

Receiver Sensors 

1 6 G8, G9, G10, G12  
2 7 G3, G4, G5, G7 
3 8 G3, G4, G5, G7 
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Figure 7.19 Miniature crosshole test configurations (cross-sections and plan view), March 16, 2006: (a) cone tip of the source 
rod is at 6 ft, (b) cone tip of the source rod is at 7 ft, (c) cone tip of the source rod is at 8 ft, and (d) plan view.
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An average of five impacts was recorded at each test. Each test was performed 

twice, once with downward impacts and once with upward impacts. The direct arrival 

times were used to calculate average shear wave propagation velocities between each 

sensor and the source rod. Table 7.5 presents the shear wave velocity measurements that 

were obtained from miniature crosshole tests performed on March 16, 2006. All recorded 

waveforms are presented in Figures 7.20 through 7.22. Direct arrival times are also 

denoted in these figures. Distances that are shown in Table 7.5 were obtained during the 

excavation of the test area (see Section 7.5). 

Table 7.5 Miniature crosshole test results, March 16, 2006. 
Test 
No. 

Direction  
of the  

Impact 

Receiver 
Sensor 

Distance from  
Source to 

Receiver  (in.) 

Time  
Interval  

(sec) 

Shear Wave 
Velocity 

(fps) 
1 Down G8 18.8 1.93E-03 813 
  G9 29.8 3.13E-03 793 
  G10 38.3 3.85E-03 828 
  G12 57.1 5.42E-03 878 
 Up G8 18.8 1.98E-03 789 
  G9 29.8 3.13E-03 793 
  G10 38.3 3.85E-03 828 
  G12 57.1 5.42E-03 878 

Average, c.o.v. 825, 0.04 
2 Down G3 20.0 2.03E-03 819 
  G4 29.3 2.97E-03 822 
  G5 39.5 3.98E-03 827 
  G7 59.0 5.92E-03 830 
 Up G3 20.0 2.04E-03 815 
  G4 29.3 3.03E-03 805 
  G5 39.5 4.00E-03 822 
  G7 59.0 5.98E-03 822 

3 Down G3 20.0 2.05E-03 814 
  G4 29.3 2.87E-03 852 
  G5 39.5 3.80E-03 867 
  G7 59.0 5.84E-03 842 
 Up G3 20.0 2.16E-03 771 
  G4 29.3 2.98E-03 819 
  G5 39.5 3.91E-03 841 
  G7 59.0 5.93E-03 829 

Average, c.o.v. 825, 0.03 
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Figure 7.20 Crosshole records from Test No. 1 (source rod tip at 6 ft and recorded 

sensors at 6 ft), March 16, 2006. 
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Figure 7.21 Crosshole records from Test No. 2 (source rod tip at 7 ft and recorded 

sensors at 7 ft), March 16, 2006. 
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Figure 7.22 Crosshole records from Test No. 3 (source rod tip at 8 ft and recorded 

sensors at 7 ft), March 16, 2006. 

7.4 STATIC LOAD TESTS 

Before mounting T-Rex on Shaft D, a quick static load test (approximate duration 

of 3 minutes) was performed on the shaft up to a 20-kip (89-kN) static load (see Figure 

7.4). The testing procedure described in Section 4.3.5 was followed. The configuration of 

the load test is illustrated in Figure 7.23. The resulting load-settlement curve (when the 

shaft was loaded to 20 kip (89 kN) and unloaded) is presented in Figure 7.24.  

As shown in Figure 7.24, the average maximum vertical displacement due to the 

20-kip (89-kN) load was about 0.01 in. (0.25 mm), and this amount of displacement did 

not rebound upon unloading of the shaft (i.e. the permanent settlement was approximately 

equal to the maximum settlement).  

After the load test to 20 kip (89 kN), T-Rex was mounted on Shaft D to conduct 

staged dynamic tests. The reference beam and the linear potentiometers were kept in 



 269

place while the base plate of T-Rex was brought to contact with the load cell (see Section 

4.3.5). The shaft was then reloaded to 20 kip (89 kN) in two increments and at each 

increment dynamic tests were performed for measurement of nonlinear soil properties. 

Static load tests were continued to be performed each time the static load applied from 

the base plate was increased to a higher level (see Table 7.2).  

At each dynamic load level (except the dynamic tests at the 5-kip (22-kN) static 

load level), the vertical displacement of the shaft was recorded during the first 10 cycles 

of loading. Typically three more dynamic tests (each 10 cycles of loading) were 

performed for measurement of soil nonlinearity. At the 10-kip (44-kN) and 20-kip (89-

kN) static load levels, the position of the linear potentiometers were recorded before 

applying any dynamic loads and after all dynamic tests at that static load were completed 

so that the settlement due to the dynamic tests could be estimated. 

Figure 7.23 Load test configuration that was used to monitor the vertical displacement of 
Shaft D during tests on February 13, 2006. 
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(a) 

 
(b) 

Figure 7.24 Static load test on Shaft D up to a 20-kip (89-kN) load followed by 
unloading: (a) load-time plot, and (b) vertical displacement-load plot. 
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Vertical displacement of the shaft during staged dynamic field testing (which 

involves reloading the shaft to the 20-kip (89-kN) static load in two increments and 

applying dynamic loads at each increment) is presented in Figures 7.25. As observed in 

Figure 7.25, the average maximum settlement of the shaft due to reloading to a 20-kip 

(89-kN) static load in increments and performing staged dynamic testing was still less 

than 0.02 in. (0.5 mm). Relative vertical displacements of the shaft during 10 cycles of 

dynamic loading at the 10-kip (44-kN) and 20-kip (89-kN) static load levels are shown 

Figures 7.26 and 7.27, respectively.  

At the 20-kip (89-kN) static load level after performing the dynamic tests, the 

base-plate of the T-Rex was retracted (i.e. the shaft was unloaded). A higher capacity 

load cell (200 kip (889 kN)) was placed on the shaft. Next, the shaft was loaded to a static 

level of 50 kip (222 kN) (maximum static load that can be applied with T-Rex) and 

unloaded in 5 minutes. The unloading could only be achieved by lifting the base plate of 

the T-Rex instantly since there is no mechanism for controlling the unloading. The shaft 

was then reloaded to 50 kip (222 kN) and dynamic tests were performed. The load- 

settlement behavior of the shaft due to static loading to 50 kip (222 kN), unloading and 

reloading back to the same load level is presented in Figure 7.28. As seen in Figure 7.28, 

the maximum vertical displacement of the shaft at the time of reloading to the 50-kip 

(222-kN) static level was about 0.22 in. (5.6 mm). Once the shaft was reloaded to 50 kip 

(222 kN), dynamic tests were performed. At the 50-kip (222-kN) static level, relative 

vertical displacements of the shaft during the first 10 cycles of ±20000-lb (89-kN) 

dynamic loading and of ±35000-lb (156-kN) dynamic loading are shown Figures 7.29 

and 7.30, respectively. As seen in Figures 7.29 and 7.30, during dynamic tests, the shaft 

was moving at about 0.11 in. (2.8 mm) for each 10 cycles of loading. The dynamic tests 

were repeated one to three more times at each load level. 
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(a) 

 
(b) 

Figure 7.25 Load - settlement behavior of Shaft D during staged dynamic and static 
testing up to a 20-kip (89-kN) static load: (a) load-time plot, and (b) vertical 
displacement-load plot. 
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(a) 

 
(b) 

Figure 7.26 Dynamic test of ± 3000 lb (13 kN) at a 10-kip (44-kN) static load level on 
Shaft D: (a) load-time plot, and (b) relative vertical displacement-time plot.  
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(a) 

 
(b) 

Figure 7.27 Dynamic test of ± 5000 lb (22 kN) at a 20-kip (89-kN) static load level on 
Shaft D: (a) load-time plot, and (b) vertical displacement-time plot. 
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(a) 

 
(b) 

Figure 7.28 Static loading test to 50 kip (222 kN), unloading and reloading of Shaft D: 
(a) load-time plot, and (b) vertical displacement-load plot.   



 276

 
(a) 

 
(b) 

Figure 7.29 Dynamic test of ±20000 lb (89 kN) at a 50-kip (889-kN) static load level on 
Shaft D: (a) load-time plot, and (b) relative vertical displacement-time plot. 
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(a) 

 
(b) 

Figure 7.30 Dynamic test of ±35000 lb (156 kN) at a 50-kip (889-kN) static load level 
on Shaft D: (a) load-time plot, and (b) relative vertical displacement-time 
plot. 
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After completion of all dynamic tests, the positions of the linear potentiometers 

were recorded before unloading the shaft and after unloading the shaft (i.e. lifting the T-

Rex base plate). Figure 7.31 illustrates the absolute vertical settlement of the shaft due to 

all testing performed with T-Rex on February 13, 2006. As can be seen in Figure 7.31, 

the maximum settlement of the shaft at the end of dynamic tests at 50-kip (89-kN) static 

load level was approximately 1.083 in. (27.5 mm). The permanent settlement of the shaft 

upon unloading was approximately 0.993 in. (25.2 mm). 

 

Figure 7.31 Vertical settlement of Shaft D after dynamic tests at a 50-kip (89-kN) static 
load level was approximately 1.083 in. (27.5 mm) and permanent settlement 
upon unloading was approximately 0.993 in. (25.2 mm).  

7.5 EXCAVATION OF THE TEST AREA 

After all testing was finished, the test area was excavated (using a back-hoe and 

by hand) to provide an 'autopsy' of the site.  The excavation was performed on May 10, 

2006. A back-hoe was first used, to excavate a rather wide area around Shaft D without 

Maximum 
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disturbing the soil mass in which the sensors were embedded. As seen in Figure 7.32, the 

soil around Shaft D was firm and able to stand vertically without caving.  

Next, hand-held shovels were used to dig through the soil between the shaft and 

each of the sensors (Figure 7.33). Exposing the sensors without moving them was 

achieved with manual shoveling in an order such that the general excavation could 

advance without disturbing those sensors that were not yet uncovered.  

 

Figure 7.32 A back-hoe was used to excavate a large area around Shaft D so that 
detailed hand excavation of the sensors and shaft could be achieved, May 
10, 2006. 

Once the cable that comes out of a sensor was detected (indicating the digging is 

getting closer to the sensor), a hand-held geology hammer was used to carefully dig 

through the soil and partly expose the embedded sensor (Figure 7.33). In the mean time, 

the side of the shaft closest to the sensor was uncovered by scraping the soil with a 

geology hammer and exposing the concrete surface. 
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             (a)            (b) 

 
(c) 

Figure 7.33 Hand-held shovels and geology hammers were used to dig the soil and 
expose the soil profile and the embedded sensors as well as the concrete 
surface of Shaft D: (a) first the cables coming out of the sensors were 
exposed, (b) once the sensor was detected the soil between the shaft and the 
sensor was carefully removed, and (c) the sensor was partly exposed (only 
the side of the sensor that was facing the concrete shaft was uncovered) to 
determine the location with respect to the shaft.  
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As soon as the sensor and the side of the shaft were exposed, the horizontal 

(radial) distance from the closest point on the side of the shaft to the side of the sensor 

was measured (using a tape measure) within ±1/8 in. (±3 mm) precision (Figure 7.34). 

The depth of sensor was measured with reference to the top of the shaft (using levels and 

a tape measure as shown in Figure 7.35). Next, the horizontal distance between the 

crosshole source rod and the sensor was measured (Figure 7.36). Disturbed soil samples 

were also taken from the soil that was present between the sensor and the shaft. These 

soil samples were examined and kept for further laboratory analysis.  

 

Figure 7.34 Once the sensor and the side of Shaft D were uncovered, the radial distance 
from the shaft to the sensor was measured using a tape measure.   
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Figure 7.35 Vertical location of the sensor with respect to the top of Shaft D was 
measured using levels and a tape measure. 

During the excavation, the soil profile at and above the sensor locations was 

studied and found to be stiff and firm. Qualitatively, the soil appeared to be homogenous 

except for a layer of soil that had a distinctively darker color. This layer was, on the 

average 18 in. (457 mm) in thickness and was found to be on the average 10 in. (254 mm) 

above the shallower array of sensors. The stiffness of this darker colored layer seemed to 

be (qualitatively) similar to the rest of the soil surrounding Shaft D.  
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Figure 7.36 The horizontal distance between the sensor and the crosshole source rod was 

measured.   

Once the locations of two sensors that were embedded in the same borehole were 

measured, the sensors were removed and the excavation of the next radially-distant 

sensors were started (Figure 7.37) following the same procedure. After all sensors were 

uncovered and retrieved, the shaft was pulled out of the ground (Figure 7.38). The 

variation of the diameter of the shaft with depth was measured. The average diameter of 

Shaft D below ground was found to be around 14.5 in. (368 mm). Based on the 

information obtained from the excavation the updated configuration of sensor arrays are 

presented in Figure 7.39. A comparison of the measured and the estimated distances 

between sensors show that small-strain Vs values would be about 6 to 13 % smaller if the 

estimated distances were to be used in the calculations. Variation of the diameter of Shaft 

D with depth is also shown in Figure 7.39. 

Crosshole 
Source Rod 
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Figure 7.37 After sensors from one borehole were uncovered and retrieved, excavation 
continued to get close to the next set of sensors. 

 

Figure 7.38 After all sensors and crosshole rod were retrieved, Shaft D was pulled out of 
the ground and the variation of its diameter with depth was measured.   
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Figure 7.39 Measured locations of the sensors with respect to Shaft D during excavation 
of the test area on May 10, 2006. 
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7.6 LOCAL SOIL PROPERTIES AT THE TEST LOCATION AND DYNAMIC LABORATORY 
TESTS (RCTS)  

Disturbed and undisturbed samples collected in the field around Shaft D were 

analyzed in the laboratory to obtain information about the properties of the soil in which 

the dynamic field measurements were performed. Soil classification and soil index 

properties from the surface to the testing depth were obtained by means of conventional 

geotechnical tests. The soil-water characteristic curve (for the soil at the testing depth) 

was determined using a pressure chamber. Linear and nonlinear dynamic soil properties 

(of the soil at the testing depth) were evaluated from combined resonant column and 

torsional shear tests.  

7.6.1 Soil Profile around Shaft D 

Undisturbed samples from boreholes SD-1 and SD-2 (see Figure 7.3), disturbed 

samples that were recovered from the sensor boreholes during sensor installation (see 

Section 7.2), and disturbed samples collected during the excavation process (see Section 

7.5) were analyzed (using the procedures that were described in Sections 3.2 and 3.3) to 

obtain information about the local soil conditions around Shaft D.  

The resulting information is presented in Tables 7.6 and 7.7 and Figures 7.40 

through 7.45. Variation of water content with depth for the soil profile around Shaft D is 

shown in Figure 7.40. Variation of fines content with depth is shown in Figure 7.42. 

Grain size distribution curves are presented in Figures 7.43 and 7.44. Soil index 

properties are presented in Figure 7.45. Figures 7.41, 7.42 and 7.44 also include 

information that were obtained from the initial site investigation studies in December 

2004 (presented earlier in Chapter 3, see Figures 3.7, 3.9 and 3.10)  
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In Tables 7.6 and 7.7 and Figure 7.43, BD-1 through BD-5 represents the sensor 

boreholes (soil recovered during the installation). BD-1 is the borehole in which sensors 

G3 and G8 were installed. BD-2 is the borehole in which sensors G4 and G9 were 

installed. BD-3 is the borehole in which sensors G5 and G10 were installed. BD-4 is the 

borehole in which sensors G6 and G11 were installed. BD-5 is the borehole in which 

sensors G7 and G12 were installed. The samples collected during the excavation of Shaft 

D are also shown in Table 7.6.  

Table 7.6 USCS soil classification for the soil profile around Shaft D. 

Borehole/Sample 
No. 

Depth, 
ft 

Soil Classification, 
USCS 

Fines Content, 
% 

0.7 SM 30 
1.5 SM 47 
3.0 SM 31 
3.8 SM 22 
5.0 SM 45 
5.8 ML 66 
6.4 ML 84 

SD-1 

7.2 ML 89 
0.7 SM 21 
1.5 SM 42 
3.0 SM 33 
3.8 SM 15 
5.0 SM 31 
5.8 ML 62 
6.4 ML 77 

SD-2 

7.3 ML 80 
BD-1 ~5.5 to 7.5 ML 83 
BD-2 ~5.5 to 7.5 ML 78 
BD-3 ~5.5 to 7.5 ML 70 
BD-4 ~5.5 to 7.5 ML 60 
BD-5 ~5.5 to 7.5 ML 78 

Between Shaft D and BD-1 ~6.5 ML 91 
Between BD-1 and BD-2 ~6.5 ML 97 
Between BD-2 and BD-3 ~6.5 ML 87 
Between BD-4 and BD-5 ~6.5 ML 91 
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Table 7.7 Soil index properties determined from samples collected around Shaft D. 

Borehole 
No. 

Depth 
ft 

Soil 
Type 

(USCS) 

Water 
Content 

% 

Total 
Unit 

Weight 
 pcf 

Dry 
Unit 

Weight 
pcf 

Void 
 Ratio* 

Degree of 
Saturation* 

 % 

0.7 SM 8 102.5 94.9 0.76 28 
1.5 SM 5 113.2 107.8 0.55 24 
3.0 SM 11 101.3 91.3 0.83 35 
3.8 SM 4 95.7 92.0 0.82 13 
5.0 SM 6 102.6 96.8 0.73 22 
5.8 ML 8 100.0 92.3 0.81 28 
6.4 ML 10 111.9 102.1 0.64 40 

SD-1 

7.2 ML 9 113.9 104.5 0.60 40 
0.7 SM 6 103.9 98.0 0.71 23 
1.5 SM 9 114.0 104.6 0.60 40 
3.0 SM 10 102.1 92.4 0.81 35 
3.8 SM 5 104.5 99.4 0.68 20 
5.0 SM 5 99.2 94.7 0.77 17 
5.8 ML 5 107.4 102.1 0.64 22 
6.4 ML 10 94.5 85.8 0.95 29 

SD-2 

7.3 ML 10 105.2 95.6 0.75 36 
BD-1  ~5.5 to 7.5 ML 10 NA NA NA NA 
BD-2  ~5.5 to 7.5 ML 9 NA NA NA NA 
BD-3  ~5.5 to 7.5 ML 7 NA NA NA NA 
BD-4  ~5.5 to 7.5 ML 8 NA NA NA NA 
BD-5  ~5.5 to 7.5 ML 9 NA NA NA NA 

Shaft D -BD1 ~6.5 ML NA NA NA NA NA 
 BD1 - BD2 ~6.5 ML NA NA NA NA NA 
BD2 - BD3 ~6.5 ML NA NA NA NA NA 
BD4- BD5 ~6.5 ML NA NA NA NA NA 

*Specific gravity, Gs, is assumed to be 2.68. 

7.6.2 Soil Water Characteristic Curve (SWCC) of the Soil at the Testing Depth 

The soil water characteristic curve (SWCC) describes the relationship between 

suction and water content or degree of saturation for unsaturated soils (ASTM D 6836). 

A saturated reconstituted specimen of soil that represents the soil at the testing depth 

around Shaft D was tested in the pressure chamber for determination of SWCC for drying 

in accordance with ASTM D 6836. The soil was from borehole SD-1 from a depth of 6.4 

ft (1.95 m) and was classified as ML (non-plastic silt). The initial conditions of the 

specimen are presented in Table 7.8. The relationship between matric suction and water 
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content for the ML specimen is shown in Figure 7.46. The relationship between matric 

suction and degree of saturation is shown in Figure 7.47. 
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Figure 7.40 Variation of water content with depth around Shaft D obtained on January 

31, 2006. 
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Figure 7.41 Comparison of variation of water content with depth around Shaft D 
obtained on January 31, 2006 with those obtained in the initial site 
investigation studies on December, 2004. 
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Figure 7.42 Variation of fines content with depth for the soil tested around Shaft D 
(superimposed on information obtained during the initial site investigation 
study in December 2004). 
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Figure 7.43 Grain size distribution curves above 0.075 mm determined from samples 

representing different depths around Shaft D. 
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Figure 7.44 Grain size distribution curves at the testing depth around Shaft D (the curves 

from initial site investigation studies in December 2004 are also shown). 
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Figure 7.45 Index properties of soil around Shaft D as obtained from undisturbed 

samples collected on January, 31 2001. 

Table 7.8 Initial properties of the reconstituted specimen tested in the pressure 
chamber.  

Specimen Type  Reconstituted 
Specimen Depth, ft 6.4 
Soil Classification, USCS ML 
Fines Content, % 84 
Diameter, D, inch 2.120 
Height, H, inch 1.179 
Total Unit Weight, γt, pcf 121.9 
Water Content, w, % 0.27 
Dry Unit Weight, γd, pcf 96.0 
Void Ratio, e* 0.74 
Degree of Saturation, Sr*, % 97 

*Specific gravity, Gs, is assumed to be 2.68. 
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Figure 7.46 The relationship between matric suction and water content for the ML (non-

plastic silt) specimen determined from a pressure chamber test.  
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Figure 7.47 The relationship between matric suction and degree of saturation for the ML 

(non-plastic silt) specimen determined from a pressure chamber test. 

Based on the information presented in Figures 7.46 and 7.47, matric suction in the 

field at the depth of testing could be in the range of 4 to 6 psi (28 to 41 kPa). The 

estimated total vertical stress at the testing depth is in the range of 4.5 to 5.5 psi (31 to 38 

kPa) which indicates the suction in the field was probably on the same order with the 
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overburden pressure at the depth of the testing. The presence of this suction pressure 

definitely increased the shear stiffness of the soil.  

However, all tests were conducted in consecutive days where the weather 

conditions did not change (Appendix B provides the records of climate conditions in 

south Austin throughout the time over which the research was conducted). Also, the 

depth of testing was relatively deep (6 to 7 ft (1.8 to 2.1 m). Figure 7.41 shows that the 

water content at this depth was similar in different locations at the test site and at 

different times, indicating the degree of saturation of soil at this depth does not seem to 

be subject to significant variability. Thus, it can be concluded that the dynamic test 

results that were conducted around Shaft D would not be subject to variability of matric 

suction during the time period in which the tests were conducted.   

7.6.3 Linear and Nonlinear Dynamic Laboratory Tests  

An intact, 2-in. (51 mm) diameter specimen was trimmed from an undisturbed 

soil sample from the approximate depth of 6.5 ft (2.0 m). The location of the sampling 

borehole (Borehole SD-1) is shown in Figure 7.3. The procedure described in Section 3.3 

was followed to prepare the undisturbed ("intact") specimen. The specimen is classified 

as ML (non plastic silt). 

The specimen was tested using the combined resonant column and torsional shear 

(RCTS) device to determine the variation of the shear modulus and material damping 

with shear strain amplitude. The tests were performed by Mr. Seong-Yeoul Jong. Five 

isotropic confining pressures were used in the tests (1.25, 2.5, 5, 10 and 20 psi, (8.6, 17.2, 

34.5, 68.9 and 137.9 kPa)). At confining pressures of 1.25, 2.5 and 10 psi (8.6, 17.2 and 

68.9 kPa), the specimen was excited only with low-amplitude shear strains (γ < 0.001%). 

At confining pressures of 5 and 20 psi (34.5 and 137.9 kPa), after the low-amplitude 
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testing was completed at these pressures, the specimen was subjected to high-amplitude 

testing to determine nonlinear behavior.   

After completion of the RCTS tests with the intact specimen, the specimen was 

removed from the device, pulverized and reconstituted to similar density (it was not 

possible to reconstitute the soil to the same density as the intact specimen due to the 

difficulty of compacting silt material). The water content of the reconstituted specimen 

was 10%, the same as the intact specimen. The same sequence of RCTS testing that was 

performed with the intact specimen was followed with the reconstituted specimen. The 

initial conditions of the intact and reconstituted specimens are compared in Table 7.9. 

Table 7.9 Initial properties of the intact and reconstituted specimens tested in RCTS 

Specimen  Intact Reconstituted 
Specimen Depth, ft 6.4 6.4 
Soil Classification, USCS ML ML 
Fines Content, % 84 84 
Diameter, D, inch 1.96 2.01 
Height, H, inch 3.25 3.35 
Total Unit Weight, γt, pcf 111.9 103.3 
Water Content, w, % 10 10 
Dry Unit Weight, γd, pcf 102.1 93.9 
Void Ratio, e* 0.64 0.78 
Degree of Saturation, Sr*, % 40 34 

*Specific Gravity, Gs, is assumed to be 2.68. 

7.6.3.1 Dynamic Soil Properties in the Linear Strain Range 

Effect of σο on Vs, Gmax and Dmin 

The variations of dynamic properties in the linear strain range (Vs, Gmax and Dmin) 

with confining pressure for the intact and reconstituted specimens were evaluated. The 

log Vs -log σο and log Gmax -log σο relationships for the specimens are shown in Figures 

7.48 and 7.49, respectively. The Dmin -log σο relationships for the intact and reconstituted 

specimens are shown in Figure 7.50. These data are also shown as log Dmin -log σο in 
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Figure 7.51. In Figures 7.48 through 7.51, the solid circles represent the intact specimen 

and the hollow circles represent the reconstituted specimen.  
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Figure 7.48 Variation of low-amplitude shear wave velocity with isotropic confining 
pressure obtained from resonant column tests of intact and reconstituted 
non-plastic silt (ML) specimens that represent the soil around Shaft D.  
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Figure 7.49 Variation of low-amplitude shear modulus with isotropic confining pressure 
obtained from resonant column tests of intact and reconstituted non-plastic 
silt (ML) specimens that represent the soil around Shaft D. 

 
 
 
 
 
 



 299

10

8

6

4

2

0

L
ow

-A
m

pl
itu

de
 M

at
er

ia
l D

am
pi

ng
 R

at
io

, D
m

in
, %

102 103 104

Isotropic Confining Pressure, σo, psf

101 102

Isotropic Confining Pressure, σo, kPa

Q
uality Factor, Q

5

10

γ < 0.001 %
Time = 60 min. at each σο

Intact Specimen 
       (Depth = 6.4 ft, USCS = ML, w = 10%,   γtotal = 111.9 pcf) 

Reconstituted Specimen
       (Depth = 6.4 ft, USCS = ML, w = 10%,   γtotal = 103.3 pcf)

 

Figure 7.50 Variation of low-amplitude material damping ratio with isotropic confining 
pressure obtained from resonant column tests of intact and reconstituted 
non-plastic silt (ML) specimens that represent the soil around Shaft D. 
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Figure 7.51 Variation of low-amplitude material damping ratio with isotropic confining 
pressure obtained from resonant column tests of reconstituted silty sand 
(SM) specimen that represent the soil around Shaft A. 

First, considering the log Vs -log σο and log Gmax -log σο relationships for the 

intact specimen; these relationships are composed of two linear segments, with the 

intersection of each segment assumed to occur at the in-situ maximum previous mean 

total stress, σmp. The linear segments can be expressed by the equations that are listed in 

Table 7.10 (using total stress, σο). The value of the confining stress at the intersection of 
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the two linear segments of the log Vs -log σο and log Gmax -log σο relationships (~3.7 psi 

(~26 kPa)) is similar to the estimated in-situ mean total stress, using a coefficient of earth 

pressure at rest (Ko) of 0.5 (~3.3 psi (23 kPa) for intact specimen). The value of Ko of 0.5 

is assumed to indicate that the intact specimen is normally consolidated.  

Table 7.10 Equations representing the log Vs – log σo, log Gmax – log σo and 
relationships for the intact RCTS specimen.  

 Intact Specimen 
log Vs – log σo σo ≤ 

3.7 psi (26 kPa) 
Vs = (337/ F(e)) (σo  /Pa)0.12 * 

(or Vs = 574 (σo  /Pa)0.12 ) 
 σo ≥  

3.7 psi (26 kPa) 
Vs = (386/ F(e)) (σo  /Pa)0.22 * 

(or Vs = 657 (σo  /Pa)0.22 ) 
log Gmax – log σo σo ≤ 

3.7 psi (26 kPa) 
Gmax = (673/ F(e)) (σo  /Pa)0.23 * 
(or Gmax = 1148 (σo  /Pa)0.23 ) 

 σo ≥  
3.7 psi (26 kPa) 

Gmax = (888/ F(e)) (σo  /Pa)0.43 * 
(or Gmax = 1514 (σo  /Pa)0.43 ) 

log Dmin – log σo - Dmin = (1.510/ F(e)) (σo  /Pa)-0.15 * 
(or Dmin = 2.573 (σo  /Pa)-0.15 ) 

       *F(e) = 0.3+0.7e2 (from Hardin, 1978), e= void ratio, and Pa= atmospheric  
                     pressure in same units as σο. 

Second, it is interesting to compare the log Vs -log σο and log Gmax -log σο 

relationships of the intact and reconstituted specimens. As seen in Figures 7.48 and 7.49, 

the values of log Vs -log σο and log Gmax -log σο are very close. In Figure 7.48, for 

confining pressures below the in-situ maximum previous mean total stress, σmp (~3.7 psi 

(26 kPa)), and reconstituted specimen has slightly higher Vs values than the intact 

specimen. At confining pressures higher than σmp, Vs values are essentially the same for 

the intact and reconstituted specimens. As shown in Figure 7.49, the reconstituted 

specimen has slightly lower Gmax values due to the difference in densities of the two 

specimens. It should also be noted that the intact and reconstituted specimens were 

assumed to be under same confining pressures (assuming same capillary pressures for 

both specimens).  
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The log Vs -log σο, log Gmax -log σο and log Dmin -log σο relationships for 

reconstituted specimen can also be expressed by the equations that are listed in Table 

7.11 (using total stress, σο). It is interesting to note that the value of the confining stress 

at the intersection of the two linear segments of the log Vs -log σο and log Gmax -log σο 

relationships (~3.7 psi (~26 kPa)) for reconstituted specimen is very similar to that 

observed for intact specimen. 

Table 7.11 Equations representing the log Vs – log σo and log Gmax – log σo and log 
Dmin -log σο relationships for reconstituted RCTS specimen. 

 Reconstituted Specimen 
log Vs – log σo σo ≤ 

4.4 psi (30 kPa) 
Vs = (341/ F(e)) (σo /Pa)0.11 * 

(or Vs = 582 (σo /Pa)0.11 ) 
 σo ≥  

4.4 psi (30 kPa) 
Vs = (381/ F(e)) (σo  /Pa)0.20 * 

(or Vs = 649 (σo /Pa)0.20) 
log Gmax – log σo σo ≤ 

4.4 psi (30 kPa) 
Gmax = (638/ F(e)) (σo /Pa)0.22 * 
(or Gmax = 1087 (σo /Pa)0.22 ) 

 σo ≥  
4.4 psi (30 kPa) 

Gmax = (813/ F(e)) (σo /Pa)0.42 * 
(or Gmax = 1386 (σo /Pa)0.42 ) 

log Dmin – log σo  Dmin = (1.373/ F(e)) (σo /Pa) -0.21 * 

(or Dmin = 2.340 (σo /Pa) -0.21 ) 

       *F(e) = 0.3+0.7e2 (from Hardin, 1978), e= void ratio, and Pa= atmospheric  
                     pressure in same units as σο. 

Effect of f on Vs, Gmax and Dmin 

The effect of excitation frequency on Vs, G and D was also evaluated using the 

combined RCTS test. Figures 7.52 through 7.54 illustrate the variation of Vs, G and D 

with excitation frequency, respectively. For the intact specimen, at σo = 5 psi (34 kPa), Vs 

and G at a 0.001% strain level increased by 3% and 6%, respectively, for the excitation 

frequency increasing from 1 to 54 Hz. At σo = 5 psi (34 kPa), Vs and G at a 0.01% strain 

level increased by 7 % and 14 %, respectively, for the excitation frequency increasing 

from 1 to 43 Hz. At σo = 20 psi (138 kPa), Vs and G at a 0.001% strain level increased by 
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2% and 3% , respectively, for the excitation frequency increasing from 1 to 93 Hz.  At σo 

= 20 psi (138 kPa), Vs and G at a 0.01% strain level increased by 3% and 6%, 

respectively, for the excitation frequency increasing from 1 to 64 Hz. Similar effects of 

frequency on Vs and G were observed for the reconstituted specimen. Based on the 

information presented in Figure 7.52 it can be concluded that effect of frequency on Vs is 

negligible. 
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Figure 7.52 Variation in low-amplitude shear wave velocity with loading frequency 

from combined RCTS tests of intact and reconstituted non-plastic silt (ML) 
specimens that represent the soil around Shaft D. 
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Figure 7.53 Variation in low-amplitude shear modulus with loading frequency from 
combined RCTS tests of intact and reconstituted non-plastic silt (ML) 
specimens that represent the soil around Shaft D.  
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Figure 7.54 Variation in low-amplitude material damping ratio with loading frequency 
from combined RCTS tests of intact and reconstituted non-plastic silt (ML) 
specimens that represent the soil around Shaft D. 

Effect of Capillary Stresses   

The estimated log Vs -log σο' relationship for the intact specimen is plotted in 

Figure 7.55 together with the log Vs -log σο relationship presented in Figure 7.48. 

Following assumptions were made: 
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1. Negative capillary stresses for the intact specimen is estimated to be in the range of 3 

to 6 psi (21 to 41 kPa) (from SWCC curve presented in Figure 7.47). 

2. Effective mean stresses can be estimated using )(' uoo −−= σσ , where 'oσ  is the 

mean effective stress, oσ  is the mean total stress and u−  is the negative capillary 

pressures. 

 

Figure 7.55 Low-amplitude shear wave velocity versus effective isotropic confining 
pressure relationship using estimated capillary pressures. 
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The estimated log Vs -log σο' curves that are shown in Figure 7.55 indicate that 

the curves for a lower capillary stresses (3 psi (21 kPa)) seems more reasonable. It is 

interesting to see that the estimated log Vs -log σο' curve does not show a "break" point as 

discussed earlier and as typically observed in laboratory specimens. This topic deserves 

more study and is beyond the point of this research.  

7.6.3.2 Dynamic Soil Properties in the Nonlinear Strain Range 

Laboratory G – log γ, G/Gmax – log γ and D -log γ  Curves 

Dynamic properties in the nonlinear strain range, represented by the variation of 

shear modulus, G, normalized shear modulus G/Gmax, and material damping ratio, D, 

with shear strain amplitude, are shown in Figures 7.56, 7.57 and 7.58, respectively. The 

maximum shear strain level that was generated at a confining pressure of 5 psi (34 kPa) 

was 0.056% and at a confining pressure of 20 psi (138 kPa) was 0.285% for the intact 

specimen.  

For the reconstituted specimen, these values were 0.259 and 0.125%, respectively. 

Figure 7.56 shows that the intact and reconstituted specimens exhibit quite similar G - log 

γ curves which indicates that there is little structure or cementation in the intact ML 

specimen. However, at σo=5 psi (34 kPa), the G/Gmax – log γ curve of the intact specimen 

is slightly more nonlinear than the curve of the reconstituted specimen. This difference 

could indicate a very small amount of cementation. 
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Figure 7.56 Comparison of the variation in shear modulus with shear strain at two 
isotropic confining pressures obtained from resonant column tests of intact 
and reconstituted non-plastic silt (ML) specimens that represent the soil 
around Shaft D.  
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Figure 7.57 Comparison of the variation in normalized shear modulus with shear strain 
at two isotropic confining pressures obtained from resonant column tests of 
intact and reconstituted non-plastic silt (ML) specimens that represent the 
soil around Shaft D. 
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Figure 7.58 Comparison of the variation in material damping ratio with shear strain at 
two isotropic confining pressures obtained from resonant column tests of 
intact and reconstituted non-plastic silt (ML) specimens that represent the 
soil tested Shaft D.  

The nonlinear behavior can be expressed by the reference strain, γr, which is 

simply the value of γ at G/Gmax = 0.5 (Darendeli, 2001) and by the elastic threshold shear 

strain, γt
e, which is the value of γ below which G is independent of strain amplitude and 

equal to Gmax. From Figure 7.57, the value of the reference shear strain, γr, at σo= 5 psi 

(34 kPa) is about 0.054% and 0.066% for the intact and reconstituted specimens, 
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respectively.  At σo= 20 psi (138 kPa), γr values are about 0.087% and 0.088% for the 

intact and reconstituted specimens, respectively.  

The value of the elastic threshold shear strain, γt
e, at σo= 5 psi (34 kPa) is about 

0.0006% for the intact specimen and 0.0013% for the reconstituted specimen.  At σo of 

20 psi (138 kPa), γt
e values are about 0.0008% and 0.0014% for the intact and 

reconstituted specimens, respectively.  

In Figure 7.57, the G/Gmax- log γ curve at σo= 5 psi (34 kPa) for the reconstituted 

specimen lies above the curve for the intact specimen. At σo= 20 psi (138 kPa), the 

difference between curves for the two specimens is less (the G/Gmax- log γ curve at σo= 

20 psi (138 kPa) for the reconstituted specimen being above the curve for the intact 

specimen). Correspondingly, in Figure 7.58, the D- log γ curves at σo= 5 psi (34 kPa) and 

at σo= 20 psi (138 kPa) for the reconstituted specimen lie below the curves for the intact 

specimen with the difference being less at σo= 20 psi (138 kPa). It is also interesting to 

note that, for the intact specimen, γr is in the range of 50 to 100 times γt
e. Menq (2003) 

has shown a similar range for reconstituted granular soils.   

Figure 7.57 also shows the effect of confining pressure on the G/Gmax–log γ 

curves, which is more prominent for the intact specimen. As the confining pressure 

increases, the value of the elastic threshold shear strain increases, and the G/Gmax–log γ 

relationship shifts to higher strains, as described above by γt
e and γr increasing with 

increasing σo. Similarly, Figure 7.58 shows that the effect of confining pressure on D–log 

γ curves. As the confining pressure increases, the D–log γ relationship shifts to higher 

strains while simultaneously shifting downward.  
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Comparison of Laboratory and Empirical G/Gmax –log γ and D -log γ  Curves 

To compare with previous work, the G/Gmax–log γ and D–log γ curves obtained 

from RC tests are plotted together with the modulus reduction curves proposed by Seed et 

al. (1986) (curve for clean sands) and Darendeli (2001) (curve for silt, PI=0, OCR=1). 

These comparisons are shown in Figures 7.59 through 7.62.  
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Figure 7.59 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 5 psi (34 kPa) from the resonant 
column tests of intact and reconstituted non-plastic silt (ML) specimens with 
the modulus reduction curves proposed by Seed et al. (1986) and Darendeli 
(2001). 
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Figure 7.60 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 20 psi (138 kPa) from the resonant 
column tests of intact and reconstituted non-plastic silt (ML) specimens with 
the modulus reduction curves proposed by Seed et al. (1986) and Darendeli 
(2001). 
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Figure 7.61 Comparison of the variation material damping ratio with shear strain at an 
isotropic confining pressure of 5 psi (34 kPa) from the resonant column tests 
of intact and reconstituted non-plastic silt (ML) specimens with the material 
damping ratio curves proposed by Seed et al. (1986) and Darendeli (2001). 

RC test is not corrected 
for frequency effects.  
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Figure 7.62 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 20 psi (138 kPa) from the resonant column 
tests of intact and reconstituted non-plastic silt (ML) specimens with the 
material damping ratio curves proposed by Seed et al. (1986) and Darendeli 
(2001). 

 

 

 

 

RC test is not corrected 
for frequency effects.  
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Figures 7.59 and 7.60 show the comparison of G/Gmax - log γ curves at 5 psi (34 

kPa) and at 20 psi (138 kPa), respectively.  Both figures show that RC test curves are 

close to or slightly higher than the upper bound curve for sands presented by Seed et al. 

(1986) and the mean plus one standard deviation curve proposed by Darendeli (2001) for 

silts (PI=0, OCR=1) at the 5-psi (34-kPa) and 20-psi (138-kPa) confining pressure levels. 

Figures 7.61 and Figure 7.62 show comparisons of the D–log γ curves from RC tests with 

those proposed by Seed et al. (1986) and Darendeli (2001). In the nonlinear-strain range, 

the RC test data are closer to the lower bound curve of Seed et al. (1986) and the mean 

minus one standard deviation curve proposed by Darendeli (2001) at 5-psi (34-kPa) and 

at 20-psi (138-kPa) confining pressure levels. Dmin values from RC tests are close to the 

upper bound values suggested by Darendeli (2001) model and are above the values 

proposed by Seed et al. (1986) curves because of the frequency effect shown in Figure 

7.54.  

During high-amplitude RC tests with intact specimen, each time the specimen was 

subjected to a higher level of excitation, low-amplitude strain measurements were 

repeated after the higher-amplitude straining in an attempt to observe the effect of higher 

strain excitation and to provide a comparison for the dynamic field test results (see 

dynamic field tests on Section 7.3). Resulting information is presented in Figure 7.63 that 

shows the Gmax after each high-strain excitation. In this figure, the G/Gmax - log γ curves 

for intact specimen are also shown. As seen in Figure 7.63, at σo= 5 psi (34 kPa), Gmax 

decreases very slightly until about 0.005% shear strain and stays constant thereafter. At 

σo= 20 psi (138 kPa), Gmax increases very slightly until about 0.01% shear strain and then 

increases more at higher strains possibly due to densification under cyclic loading. 
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Figure 7.63 Change in the low-amplitude shear modulus after high-strain excitation from 
resonant column tests on the intact non-plastic silt (ML) specimen that 
represent the soil around Shaft D. 

Effect of f and N on G/Gmax-log γ and D-log γ curves 

To evaluate the effects of number of loading cycles, N, and excitation frequency, 

f, on G/Gmax-log γ curve, normalized modulus reduction curves from and the combined 

RCTS tests are plotted in Figures 7.64 through 7.67. Figures 7.64 shows that for the 

intact specimen at σo= 5 psi (34 kPa) there is not any significant effect of N or f on the 
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G/Gmax-log γ curve. However, in Figures 7.65, 7.66 and 7.67 RC test data plots slightly 

above TS test data indicating some densification/hardening due to cyclic loading (also 

observed in Figure 7.63 for intact specimen at σo= 20 psi (138 kPa) from slightly 

increasing Gmax) .  
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Figure 7.64 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 5 psi (34 kPa) obtained from combined 
resonant column and torsional shear tests on the intact non-plastic silt (ML) 
specimen.  
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Figure 7.65 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 20 psi (138 kPa) obtained from 
resonant column and torsional shear tests on the intact non-plastic silt (ML) 
specimen.  
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Figure 7.66 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 5 psi (34 kPa) obtained from resonant 
column and torsional shear tests on the reconstituted non-plastic silt (ML) 
specimen.  
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Figure 7.67 Comparison of the variation in normalized shear modulus with shear strain 
at an isotropic confining pressure of 20 psi (138 kPa) obtained from 
resonant column and torsional shear tests on the reconstituted non-plastic 
silt (ML) specimen.  

The effects of N and f on the D-log γ curves are shown in Figures 7.68 through 

7.71. It is possible to observe the effect of N and f on the D-log γ in Figures 7.68 through 

7.71. In the nonlinear-strain range, D decreases with increasing N at a constant γ which is 

typical of granular soils (Darendeli, 2001). In the linear strain range, Dmin values from the 

TS tests are lower than those obtained from the RC tests due to the effect of frequency.  
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Comparisons of Figures 7.64 through 7.71 show that the RC and TS tests give 

essentially the same γt
e values on the G/Gmax-log γ curves. However, significantly 

different γt
e values are found by comparison of Figures 7.68 through 7.71 on the D-log 

γ curves. The γt
e values on the D-log γ curves from TS tests are smaller than those from 

RC tests. The γt
e on the G/Gmax-log γ curves from both RC and TS tests agrees with the γt

e 

on the D-log γ curves from TS tests. In this case, D-log γ curves from RC test yielded 

misleading (and too high) value for γt
e due to frequency or "viscous" effect. 
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Figure 7.68 Comparison of the variation in material damping ratio with shear strain at an 

isotropic confining pressure of 5psi (34 kPa) obtained from resonant column 
and torsional shear tests on the intact specimen non-plastic silt (ML) 
specimen.  
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Figure 7.69 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 20 psi (138 kPa) obtained from resonant 
column and torsional shear tests on the intact non-plastic silt (ML) 
specimen. 
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Figure 7.70 Comparison of the variation in material damping ratio with shear strain at an 
isotropic confining pressure of 5 psi (34 kPa) obtained from resonant 
column and torsional shear tests on the reconstituted non-plastic silt (ML) 
specimen.  
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Figure 7.71 Comparison of the variation in material damping ratio with shear strain at 
isotropic confining pressure of 20 psi (138 kPa) obtained from resonant 
column and torsional shear tests on the reconstituted non-plastic silt (ML) 
specimen.  

7.7 SUMMARY   

Linear and nonlinear dynamic field tests were performed using Shaft D (a 12-ft 

long drilled shaft) on February 7 through March 16, 2006.  Ten Type B sensors were 

installed around Shaft D on January 30 and 31, 2006. The configuration of sensor arrays 

(as obtained during the excavation of the test area that was performed after all testing was 
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completed) is shown in Figure 7.39. During the sensor installation process, undisturbed 

samples were also collected.  

After installation of the sensors in the soil, three stages of dynamic testing was 

performed. On February 6, 2006, first-stage tests were performed using hand-held 

hammers. Shear wave velocities in the small-strain range (typically around 10-4%) were 

obtained from these tests. A sampling rate of 200 ksamples/sec was used for recording. 

Typical waveforms recorded at each sensor location using two different hammers are 

shown in Figures 7.5 and 7.6. Analysis of the results from these tests is presented in 

Chapter 8. 

Second-stage tests were performed the next day, February 7, 2006.  In these tests, 

Thumper was mounted on Shaft D, and the testing procedure described in Section 4.3.2 

was followed to dynamically and statically load the shaft in increments. The sequence of 

the loading steps that were performed in the Stage 2 tests are presented in Table 7.1. A 

sampling rate of 200 ksamples/sec was used during the recordings. Figures 7.7 through 

7.14 illustrate typical records that were collected at the 8 different loading levels (ranging 

from linear to nonlinear strains). Analyses and evaluated results of the Stage 2 tests are 

presented in Chapter 8. 

Third-stage tests were performed on February 13, 2006.  In these tests, T-Rex was 

used to load the shaft statically and dynamically. The sequence of the static and dynamic 

loading steps in Stage 3 tests is presented in Table 7.2. Before mounting T-Rex on the 

Shaft D, a static load test (using the hydraulic ram behind T-Rex) with loading up to 20 

kip (89 kN) was performed. The resulting load-settlement curve is presented in Figure 

7.24. After mounting T-Rex on Shaft D, static and dynamic tests were performed 

following the sequence presented in Table 7.2. Typical records that were collected during 

Stage 3 tests are illustrated in Figures 7.15 through 7.18. Analyses and evaluated results 
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of the Stage 3 tests are presented in Chapter 8. Load-settlement behavior of the shaft at 

various stages of the testing is shown in Figures 7.25 through 7.31.  

On March 10, 2006, Stage 2 tests (using Thumper) were repeated. Table 7.3 

presents the loading steps used in these tests. Analyses and evaluated results are 

presented in Chapter 8.  

On March, 16, 2006, miniature crosshole tests were performed adjacent to Shaft 

D using the procedure described in Section 4.3.4.  Figure 7.19 shows the configuration 

that was used in the crosshole tests. Recorded waveforms are shown in Figures 7.20 

through 7.22. Table 7.5 presents the shear wave velocity measurements that were 

obtained from miniature crosshole tests.  

After all tests were completed, the test area was excavated using a back-hoe and 

by hand. The excavation was done to provide more accurate information about precise 

test configuration around Shaft D. The excavation was performed on May 10, 2006. The 

information obtained during the excavation study was used to update the test results and 

only the updated ("final") test results are presented herein. A comparison of the measured 

and the estimated distances between sensors indicate that the small-strain Vs values 

would have been about 6 to 13 % smaller if the estimated distances were used. 

The soil profile around Shaft D was investigated in the laboratory using disturbed 

and undisturbed samples collected in the field. The resulting information about the soil 

classification and soil index properties is presented in Tables 7.6 and 7.7 and Figures 7.40 

through 7.45. Based on the information presented Tables 7.6 and 7.7 and Figures 7.40 

through 7.45, the soil at the testing depth is classified as ML (non-plastic silt) with an 

average fines content of  89%. At the time of the field testing, water content at the testing 

depth was on the average 9% and total unit weight was around 106 pcf (15.7 kN/m3). The 

degree of saturation at this depth averaged about 36%.  
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The relationship between suction and water content or degree of saturation for the 

soil at the testing depth was determined by conducting a pressure chamber test with a 

saturated reconstituted specimen. The results are presented in Figures 7.46 and 7.47. 

Based on the information presented in Figures 7.46 and 7.47, matric suction in the field at 

the depth of testing could be in the range of 4 to 6 psi (28 to 41 kPa) (approximately in 

the same order with the overburden pressure at the depth of testing).   

An intact, 2-in. (51 mm) diameter specimen was trimmed from an undisturbed 

soil sample from the approximate depth of 6.5 ft (2.0 m). The specimen is classified as 

ML (non-plastic silt) with a fines content of 84%. The specimen was tested using the 

RCTS device to determine the linear and nonlinear dynamic properties. After completion 

of the RCTS tests with the intact specimen, the specimen was removed from the device, 

pulverized and reconstituted (to similar initial conditions as the intact specimen) and 

tested again in RCTS device. The initial conditions of the intact and reconstituted 

specimens are compared in Table 7.9. 

The variations of dynamic properties in the linear strain range, as determined 

from RC tests, for the intact and reconstituted specimens are presented in Figures 7.48 

through 7.51.  Based on the trends observed in Vs -log σ and log Gmax -log σ 

relationships, it was concluded that the specimen was likely normally consolidated and 

only lightly cemented (see Section 7.6.3.1). The effect of excitation frequency on Vs, G 

and D is illustrated in Figures 7.52 through 7.55. No significant effect of f or N on Vs and 

G is observed. 

Dynamic properties in the nonlinear strain range, as determined from RC tests, are 

presented in Figures 7.56, 7.57 and 7.58. As seen in these figures the intact and 

reconstituted specimens give nearly the same results indicating there may be very light 

structure or cementation in the intact ML specimen. Comparison of the G/Gmax–log γ 
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curves obtained from RC tests with the modulus reduction curves proposed by Seed et al. 

(1986) (curve for clean sands) and Darendeli (2001) (curve for silt, PI=0, OCR=1) are 

presented in Figures 7.59 through 7.62. These figures show that the RC test curves are 

close to or slightly higher than the upper bound curve for sands presented by Seed et al. 

(1986) and the mean plus one standard deviation curve proposed by Darendeli (2001) for 

silts (PI=0, OCR=1).  
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Chapter 8:  Evaluation of Linear and Nonlinear Dynamic Field Tests 
using Shaft D (12-ft Long Drilled Shaft) 

8.1 INTRODUCTION  

In this chapter, analysis of the field measurements and discussion of the resulting 

dynamic soil properties associated with the tests using Shaft D are given. The results 

from the tests performed using Shaft D constitute the main part of the information 

collected in this study. The Vs-log γ, G-log γ and G/Gmax-log γ curves between each pair 

of sensors in the sensor array are presented. The nonlinear field curves are then compared 

to laboratory measurements and empirical correlations. Variations of particle velocity and 

shear strain amplitude with distance from the shaft (measured with the sensors in the 

concrete and in the soil) are shown. Discussion of these results is given and a 

representative nonlinear shear modulus curve for the soil around Shaft D is presented.  

In Section 8.1, results from Stage 1 tests (impact tests using hand-held hammers 

as sources) are discussed. In Sections 8.2 and 8.3, results from Stage 2 (steady-state tests 

using Thumper as source) and Stage 3 tests (steady-state tests using T-Rex as source), 

respectively are discussed. Section 8.2, which presents the results of Stage 2 tests, 

provides the main part of the information obtained in the field. In this section, Gmax, after 

high-strain- log γ curves, which show the change in Gmax as the magnitude of shear strains 

induced in the soil increases, are also shown. It is observed that Gmax was not always 

constant throughout the tests. Anytime Gmax changes, the assumption is made that the 

static loading alone has or the static and dynamic loadings together have 'disturbed' the 

soil. Change in Gmax during the tests indicates that Gmax can be used to track disturbance.  

In Sections 8.1 through 8.3, the nonlinear behavior in the field is characterized by 

three threshold shear strain values. The elastic threshold strain, γt
e, is the value of γ below 

which G is independent of strain amplitude and equal to Gmax. The cyclic threshold 
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strain, γt
c, is the value of γ after which G varies with number of loading cycles and 

irrecoverable changes occur in the soil due to cyclic loading. The reference strain, γr, is 

the value of γ at G/Gmax = 0.5 (Darendeli, 2001). Based on the information presented in 

Sections 8.1 through 8.3, γt
e field, is in the range of 0.0004 to 0.0005%. The γt

c
field is in the 

range of 0.003 to 0.005% which is about 10 times the γt
e field values. The reference shear 

strain in the field, γr
 
field, is in the range of 0.02 to 0.04%. In Figure 8.1, the configuration 

of the sensors that were used in the field is illustrated.  

 
Figure 8.1 Configuration of the sensors in and around Shaft D, based on the 

information obtained during the excavation of the test area on May 10, 
2006. 
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8.2 RESULTS FROM STAGE 1 FIELD TESTING IN THE LINEAR-STRAIN RANGE USING 
HAMMERS) 

Recorded waveforms from Stage 1 tests were analyzed as described in Section 

4.3.3 to determine the shear wave arrival times at each sensor location. The average wave 

velocity between two adjacent sensors was calculated by dividing the distance between 

the sensors by the travel time (the difference between the first arrival times). The shear 

modulus was then calculated from the measured shear wave velocity and the soil mass 

density by: 
 

2
sVG ρ=                                                                                                              (8.1) 

 

A constant total unit weight of 110 pcf (17.3 kN/m3) was assumed for the soil at 

the testing depth around Shaft D (based on the laboratory investigation of undisturbed 

soil samples see Section 7.6).  

Strain amplitudes (between two adjacent sensors) were calculated using peak 

displacements (obtained through numerical integration of measured particle velocities) at 

sensor locations and the measured distances between the sensors. Displacements were 

assumed to be linearly distributed between the sensors. The procedure is described in 

detail in Section 4.3.3. 

The average values of shear wave velocity, shear modulus and corresponding 

strains between adjacent sensors evaluated from five impact hammer tests are presented 

in Table 8.1. The shear strains generated in the soil adjacent to the shaft ranged from 

0.00001% to 0.0003%. The measured shear wave velocities are in the range of 757 fps 

(231 m/sec) to 883 fps (269 fps) with an average of 839 fps (256 m/sec) and a coefficient 

of variation (c.o.v.) of 0.05 (in this calculation, Vs of 634 fps (193 m/sec) measured 

between Sensors G11-G12 is excluded as non-representative measurement). The average 
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shear wave velocity at a depth of 7 ft (2.1 m) is 818 fps (249 m/sec) with a c.o.v of 0.05. 

The average shear wave velocity at a depth of 6 ft (1.8 m) is 865 fps (264 m/sec) with a 

c.o.v of 0.02.  

Table 8.1 Average small-strain shear wave velocities and shear modulus values 
obtained from five impact hammer tests around Shaft D using hand-held 
hammers, February 6, 2006. 

Sensors Average 
Depth of 
Sensors 

(ft) 

Distance 
Between 

Sensors (in.) 

Average 
Shear 

Strain, (%) 

Average 
Shear Wave 

Velocity, (fps)  

Average Shear 
Modulus*, 

(ksf) 

C.O.V. for 
Shear 

Modulus 

G1-G3 7  5.63 2.3E-04 805 2214 0.029 
G3-G4 7  5.00 9.2E-05 757 1959 0.036 
G4-G5 7  5.63 6.3E-05 810 2241 0.034 
G5-G6 7  11.63 1.3E-05 853 2483 0.027 
G6-G7 7  8.63 1.9E-05 867 2567 0.016 
G1-G8 6  5.25 3.1E-04 869 2581 0.032 
G8-G9 6 4.94 4.8E-05 852 2478 0.021 

G9-G10 6  6.00 5.6E-05 855 2497 0.021 
G10-G11 6 12.06 1.2E-05 883 2665 0.029 

G11-G12** 6 8.38 1.8E-05 634 1371 0.103 
*110 pcf total unit weight of soil is used for calculations. 
**The low Vs value is considered non-representative. 

8.3 RESULTS FROM STAGE 2 AND STAGE 3 FIELD TESTS (LINEAR- TO NONLINEAR-
STRAIN RANGE TESTS USING THUMPER AND T-REX) 

8.3.1 Field Vs-log γ, G-log γ, G/Gmax-log γ and Gmax, after high-strain- log γ Curves 
Evaluated from Stage 2 tests and Comparisons with Laboratory and Empirical  
Curves  

As illustrated in Figure 8.1, the response of the soil mass to the applied excitation 

was measured with two horizontal arrays of sensors embedded in the soil. The records 

were analyzed to obtain the variation of shear wave velocity (thus shear modulus) with 

shear strain between adjacent sensors at the same elevation. The method of analysis is 

described in detail in Section 4.3.3. Recorded geophone waveforms (fixed frequency and 

fixed number of cycles of loading using Thumper as the source) were processed in a 

Matlab routine (Appendix E) in which a sinusoidal curve was fit (using least square 
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regression) to the steady-state portion of the record. The "time shift" between the fitted 

sinusoidal waveforms of two adjacent sensors was used to calculate the travel time 

between the sensors. The average wave velocity between two adjacent sensors was 

calculated by dividing the distance between the sensors by the travel time. The shear 

modulus was then calculated from the measured shear wave velocity and the soil mass 

density from Equation 8.1. 

Corresponding strain amplitudes (between two adjacent sensors) were calculated 

using the peak displacements (determined from displacement-time histories that are 

obtained through numerical integration of measured particle velocity-time histories) at 

sensor locations and measured distances between the sensors. Displacement was assumed 

to vary linearly between two adjacent sensors (refer to Section 4.3.3 for detailed 

description of procedure). The results are presented in the following sections. 

Sensor G1 (which is inside the concrete shaft) was also included as part of the 

horizontal array by taking into account the P-wave travel time in concrete (using the P-

wave velocity determined for Shaft D, see Section 4.2.1). The procedure is described in 

detail in Section 4.3.3. Sensor G1 was preferred to Sensor G2 (which is also in the 

concrete) because the diameter of the shaft was highly irregular at the depth where the 

Sensor G2 is located within the concrete. As noted in Figure 8.1, ~6 in. (152 mm) above 

Sensor G2 the diameter of the concrete is at its largest (approximately 16 in. (406 mm)). 

In Figure 7.37, the picture taken during the excavation of the test area show the bulk of 

concrete at a depth of about 4 ft (1.2 m) from the top of the shaft.  

For each set of sensors, Vs-log γ, G-log γ and G/Gmax-log γ curves are plotted. 

Gmax, after high-strain- log γ curves, which show the change in Gmax as the magnitude of shear 

strains induced in the soil increases, are also shown. In all G/Gmax-log γ curves, Gmax 

values were calculated as the average of the shear modulus values measured at small 
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strains (typically less than 10-3) before any high amplitude-testing. In addition, trend lines 

are fitted to each G/Gmax-log γ curve using least squares regression and the modified 

hyperbolic model. 

All field data are compared to the laboratory data obtained from "intact" specimen 

(see Section 7.6.3). The laboratory curve in all figures was adjusted based on the in-situ 

confining pressure (assuming Ko = 0.5). Small-strain Vs values were adjusted using the 

log Vs-log σo relationship measured in low amplitude RC tests (see Section 7.6.3.1). The 

soil model proposed by Darendeli (2001) was used to account for the effect of confining 

pressure (see Section 7.6.3.2 for the effect of confining pressure on G-log γ curve). In 

addition, field G/Gmax-log γ curves are compared to empirical curves proposed by Seed et 

al (1986, curves for clean sand) and by Darendeli (2001, curves for PI=0, OCR=1 silty 

soils). 

8.3.1.1 Sensors G1 and G3 (7 ft (2.1 m) deep, mid-distance between the sensors is 2.81 
in. (71 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors G1 

(inside the concrete) and G3 (in the soil, closest to the shaft) are presented in Figures 8.2, 

8.3 and 8.4, respectively. In Figures 8.2 through 8.4, the laboratory measured curve 

(using an intact ML specimen) is also shown for comparison. However, the 

measurements between the Sensors G1 and G3 are found to be affected by localized 

displacements in the soil right next to the shaft. These effects are discussed after 

presenting the resulting field curves.  
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Figure 8.2 Variation of shear wave velocity with shear strain between Sensors G1 and 

G3 evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.3 Variation of shear modulus with shear strain between Sensors G1 and G3 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.4 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G3 evaluated from Stage 2 field tests using Shaft D. 

Data on Figures 8.2 through 8.4 show that nonlinear behavior of the soil were 

created between Sensors G1 and G3 (average distance of 2.81 in. (71 mm) away from the 

shaft) during Stage 2 field tests (steady-state tests using Thumper). Shear strains 

measured in the field between Sensors G1 (inside the shaft) and G3 are in the range of 

0.0002 to 0.07%. The smallest strains produced by Stage 2 tests are in the same range as 

strains created in Stage 1 tests (impact tests using hammers). However, the small-strain 

Vs measured between Sensor G1 and Sensor G3 from Stage 1 tests is about 10% higher 

than the small-strain Vs measured in Stage 2 tests. 

Small-strain Vs measured in Stage 2 tests is about 1.5 times the small-strain (low-

amplitude) Vs measured in the laboratory. The difference between the laboratory and the 

field Vs is large. This difference is attributed to the differences between the field and the 

laboratory states of the soil which could be cementation, structure, fines content and 
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capillary pressures. The γt
e
 field is estimated to be 0.0005 which is slightly lower than the 

value determined in the laboratory (approximately 0.0006%).  

The small-strain measurements at a 8000-lb (35.6-kN) static load level is lower 

than the measurements made before, at 2000-lb (8.9 kN) and 4000-lb (17.8 kN) static 

load levels, because Gmax decreased due to disturbance caused by the tests at ±2400-lb 

(10.7-kN) dynamic loading at the 4000-lb (17.8-kN) static load level. However, the 

measurements at two highest strains (~0.04% and 0.07%) do not indicate disturbance 

because these strains were not previously exceeded.  

Figure 8.5 illustrates the change in Gmax after larger strains were induced in the 

soil. In this graph, the variation of the shear modulus evaluated from small-strain tests 

that were performed after each higher strain test (i.e. each time a higher excitation was 

applied to the shaft) is shown on the vertical axis. Shear strain that was induced by the 

higher amplitude test (after which the small-strain test was performed) is shown on the 

horizontal axis. As seen in Figure 8.5, Gmax was not constant throughout the test. Similar 

behavior was not observed during RCTS tests with the intact ML (non-plastic silt) 

specimen (see Figure 7.60). However, the Gmax values of the intact specimen was already 

less than half of the field Gmax values at the start of the testing. As shown in Figure 8.5, it 

is possible to estimate a cyclic threshold strain value between 0.004 and 0.005 %, based 

on the trend that is observed in the change of Gmax after high-amplitude tests.  

A trend line that represents the field G/Gmax-log γ data between Sensors G1 and 

G3 is presented on Figure 8.6. The trend line was determined by fitting the modified 

hyperbolic model to the field data using a least squares regression.  The modified 

hyperbolic model is represented by: 

( )a
rG

G
γγ+

=
1

1

max

                                                                                            (8.2) 
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where rγ  (reference shear strain at G/Gmax  equals to 0.5) and a  are model parameters. 

Parameters a and rγ  for the hyperbolic model fit that is shown in Figure 8.6 is 0.777 and 

0.0899%, respectively. A comparison between the field and the laboratory G/Gmax- log γ 

curves indicates that the difference between the two curves becomes significant after a 

shear strain of 0.01%. At the end of Stage 2 field tests, the measured value of the 

normalized shear modulus (G/Gmax) was approximately 0.58. Based on the modified 

hyperbolic model fit, the field reference shear strain, γr field, is approximately equal to 

0.090%. 

In Figures 8.7 and 8.8, the field G/Gmax- log γ curve is compared to the empirical 

curves proposed by Seed et al. (1986) and Darendeli (2001), respectively. Comparisons 

with empirical curves also show that at high strains, the field curve is located above the 

mean empirical curves.  

 
Figure 8.5 Change in small-strain shear modulus after high-strain tests between Sensors 

G1 and G3 evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.6 Nonlinear normalized shear modulus curve between Sensors G1 and G3 

evaluated from Stage 2 field tests using Shaft D.  

 
Figure 8.7 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G1 and G3 
with curves proposed by Seed et al. (1986) for clean sands. 
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Figure 8.8 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G1 and G3 
with curves proposed by Darendeli (2001) for silt soils.  

In Figure 8.7, the field curve is close to the upper bound curve as proposed by 

Seed et al. (1986) for clean sands. In Figure 8.8, comparison between the field curve and 

the curves proposed by Darendeli (2001) for silty soils indicates that after a shear strain 

of about 0.01% the field curve falls outside of the range proposed by Darendeli (2001). 

Differences between the field data from Sensors G1 and G3 and the laboratory 

data (as well as the empirical curves) can be attributed to being within the interface zone 

between the shaft and soil. The soil in this zone is expected to be affected by the 

construction procedure of the shaft as well as the stresses that are generated in this zone 

due to static and dynamic loading of the shaft. One important complication arises from 

possible localized large displacements (or slip) in the soil very near the shaft. As a result 

of such localized "slip" (i.e zone of concentrated movement) which would occur because 

of high-amplitude loading, the calculated shear strains would be higher than the average 

shear strain between the sensors since the method of calculation for shear strain only 
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involves displacements at the sensor locations. The displacement distribution between the 

two sensors is not known and is assumed to be linear. Another way to explain the same 

phenomenon would be to say that the measured shear wave propagation velocity is too 

high for the calculated shear strain. The measured shear wave velocity values are average 

propagation velocities over the distance between the shaft and the sensor. Since localized 

slip likely occurs in a very small zone of soil, its effect on the average propagation 

velocity will be small. Therefore, the measured shear wave velocity will be representative 

of a smaller-strain level. Figure 8.9 illustrates the mechanism and the effect on G/Gmax- 

log γ curve. As seen in this figure, G/Gmax- log γ curve would shift up and/or to the right 

as a result of incompatibility in the calculated shear strain and the measured shear wave 

velocity values due to local 'slip' in the soil right next to the shaft.  

The fact that a similar trend was also evaluated between Shaft A and the first 

sensor in the soil supports the conclusion that, at high levels of loading, local slip 

movements occur in the soil near the shaft. The occurrence of local slip means that the G-

log γ relationship for the soil cannot be adequately evaluated from the measurements 

between the sensor in the shaft and the first sensor in the soil.  

8.3.1.2 Sensors G3 and G4 (7 ft (2.1 m) deep, mid-distance between the sensors is 8.13 
in. (207 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves measured between Sensors G3 and 

G4 (see Figure 8.1 for locations of sensors) are presented on Figures 8.10, 8.11 and 8.12, 

respectively. In Figures 8.10 through 8.12, laboratory determined curves (with an intact 

ML specimen) are also shown for comparison.  

Data in Figures 8.10 through 8.12 show that nonlinear behavior in the silty soil 

were generated between Sensors G3 and G4 (average distance of 8.13 in. (21 mm) away 
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from the shaft) during Stage 2 field tests. Average shear strains measured in the field 

between Sensors G3 and G4 were in the range of 0.00017 to 0.017% (a factor of 100). 
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(b) 

Figure 8.9 Illustration of the effect of localized "slip" in the soil right next to the shaft 
on the evaluation of nonlinear shear modulus curve: a) distribution of 
displacements with distance adjacent to the shaft and, b) effect on evaluation 
of shear modulus curve. 
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Figure 8.10 Variation of shear wave velocity with shear strain between Sensors G3 and 

G4 evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.11 Variation of shear modulus with shear strain between Sensors G3 and G4 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.12 Variation of normalized shear modulus with shear strain between Sensors 

G3 and G4 evaluated from Stage 2 field tests using Shaft D. 

The small-strain shear wave velocity measured between Sensors G3 and G4 from 

Stage 1 tests is the same as the small-strain Vs measured in Stage 2 tests. In addition, the 

small-strain Vs measured in the field is 1.5 times the small-strain (low-amplitude) Vs 

measured in the laboratory, an unusually large difference.  

The small-strain measurement at a 8000-lb (35.6-kN) static load level is again 

lower than the measurements made before, at 2000-lb (8.9 kN) and 4000-lb (17.8 kN) 

static load levels, because Gmax decreased due to disturbance caused by the tests at 

±2400-lb (10.7-kN) dynamic loading at the 4000-lb (17.8-kN) static load level. As 

expected, the decrease in Gmax between Sensors G3 and G4 is less than that was observed 

between Sensors G1 and G3 since Sensor G3 and G4 are further away from the shaft. 

In Figure 8.12, the field G/Gmax-log γ data is shown. In this figure, the first data 

point at the 8000-lb (35.6-kN) static load level is not included in the calculation of Gmax. 
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Figure 8.12 shows that at the end of Stage 2 field tests the value of the normalized shear 

modulus reduced to 0.64. The field G/Gmax- log γ data is located below the laboratory 

G/Gmax- log γ data. The γt
e
 field is about 0.0004% which is smaller than the value 

determined in the laboratory (approximately 0.0006%). 

In Figure 8.13 the change in Gmax after larger strains were induced in the soil is 

shown. Data in Figure 8.13 indicates that Gmax was not constant throughout the test 

(which was also observed in sensor interval G1-G3). Similar behavior was not observed 

during the RCTS test with intact specimen (see Figure 7.60). However, the Gmax values of 

the intact specimen was already less than half of the field Gmax values at the start of the 

testing. As illustrated in Figure 8.13, it is possible to estimate a cyclic threshold strain 

value of about 0.005%, based on the trend that is observed in the change of Gmax after 

high-amplitude tests. 

 

 
Figure 8.13 Change in small-strain shear modulus after high-strain tests between Sensors 

G3 and G4 evaluated from Stage 2 field tests using Shaft D. 
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A trend line that represents the field G/Gmax-log γ between Sensors G3 and G4 is 

presented in Figure 8.14. The trend line was determined using the modified hyperbolic 

model (Equation 6.2). For the curve shown in Figure 8.14, the model parameters, a and γr, 

are 1.036 and 0.0269, respectively. The field G/Gmax- log γ curve is below the laboratory 

G/Gmax- log γ curve. The γr field is approximately equal to 0.027%. The γr field is smaller 

than the value determined in the laboratory (approximately 0.054% for 5 psi (34 kPa) 

confining pressure and 0.047% when adjusted to the in-situ confining pressure).  

In Figures 8.15 and 8.16, the field data is compared to the empirical curves 

proposed by Seed et al. (1986) and Darendeli (2001), respectively. The field curve is 

close to the mean curve of Seed et al. (1986) for sands. As seen in Figure 8.16, 

comparison with the empirical curves proposed by Darendeli (2001) shows that the field 

curve matches well with the mean Darendeli (2001) curve for silts.  

 
Figure 8.14 Nonlinear normalized shear modulus curve between Sensors G3 and G4 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.15 Comparison of shear modulus reduction curve evaluated from Stage 2 field 

measurements between Sensors G3 and G4 with curves proposed by Seed et 
al. (1986) for clean sands. 

 
Figure 8.16 Comparison of shear modulus reduction curve evaluated from Stage 2 field 

measurements between Sensors G3 and G4 with curves proposed by 
Darendeli (2001) for silt soils. 
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8.3.1.3 Sensors G4 and G5 (7 ft (2.1 m) deep, mid-distance between the sensors is 13.44 
in. (34 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves measured between Sensors G4 and 

G5 (see Figure 8.1 for locations of sensors) are presented in Figures 8.17, 8.18 and 8.19 

respectively. In Figures 8.17 through 8.19, laboratory measured curves (for the intact ML 

specimen) are also shown for comparison.  

Data in Figures 8.17 through 8.19 show that some nonlinear behavior in the silt 

soil was created between Sensors G4 and G5 (average distance of 13.44 in. (34 mm) 

away from the shaft) during the Stage 2 field tests. Average shear strains measured in the 

field between Sensors G4 and G5 were in the range of 0.00009 to 0.008%. As expected, 

the maximum shear strain (0.008%) measured in the sensor interval G4-G5 is smaller 

than the maximum shear strain induced between the Sensors G3 and G4 (0.017%).  

 
Figure 8.17 Variation of shear wave velocity with shear strain between Sensors G4 and 

G5 evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.18 Variation of shear modulus with shear strain between Sensors G4 and G5 as 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.19 Variation of normalized shear modulus with shear strain between Sensors 

G4 and G5 evaluated from Stage 2 field tests using Shaft D. 
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The small-strain shear wave velocity measured between Sensors G4 and G5 from 

Stage 1 tests is approximately the same as the small-strain Vs measured in Stage 2 tests 

whereas the small-strain Vs measured in the field is 1.6 times the small-strain Vs 

measured in the laboratory.  

The small-strain measurement at a 8000-lb (35.6-kN) static load level is slightly 

lower than the measurements made before, at 2000-lb (8.9-kN) and 4000-lb (17.8-kN) 

static load levels due to disturbance caused by the tests at ±2400-lb (10.7-kN) dynamic 

loading at the 4000-lb (17.8-kN) static load level.  

As expected, the decrease in Gmax between Sensors G4 and G5 is less compared to 

the two sensor intervals that are closer to the shaft (i.e., G1-G3 and G3-G4). In Figure 

8.19, the first data point at the 8000-lb (35.6-kN) static load level is not included in the 

calculation of Gmax. As observed in Figure 8.19, at the end of Stage 2 field tests, the value 

of the normalized shear modulus reduced to 0.74. The γt
e
 field is about 0.0004% which is 

smaller than the value determined in the laboratory (approximately 0.0006%). 

In Figure 8.20 the change in Gmax after larger strains were induced in the soil is 

shown. Similarly to the other two intervals, Gmax was not constant throughout the test. 

Similar behavior was not observed during the RCTS test with intact specimen (see Figure 

7.60). However, the Gmax values of the intact specimen was already less than half of the 

field Gmax values at the start of the testing. Based on the trend that is observed in Figure 

8.20, a cyclic threshold strain value of 0.003% is estimated for the field G/Gmax -log γ 

curve.  

A trend line that represents the field G/Gmax-log γ between Sensors G4 and G5 is 

presented on Figure 8.21. The trend line was determined using the modified hyperbolic 

model (Equation 8.2). For the curve shown in Figure 8.21, the model parameters, a and γr, 

are 0.926 and 0.0220, respectively. The field G/Gmax- log γ curve is below the laboratory 
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G/Gmax- log γ curve as it was for sensor interval G3-G4. The γr field is approximately equal 

to 0.022%. The γr field is smaller than the value determined in the laboratory 

(approximately 0.054% for 5 psi (34 kPa) confining pressure and 0.047% when adjusted 

to the in-situ confining pressure). 

In Figures 8.22 and 8.23, the field data is compared to the empirical curves 

proposed by Seed et al. (1986) and Darendeli (2001), respectively. The field curve is 

located between the mean and lower bound curves for clean sands of Seed et al. (1986). 

Comparison with empirical curves of Darendeli (2001) shows that the field curve is close 

to the mean minus one standard deviation curve for silts of Darendeli (2001). 

 
Figure 8.20 Change in small-strain shear modulus after high-strain tests between Sensors 

G4 and G5 evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.21 Nonlinear normalized shear modulus curve between Sensors G4 and G5 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.22 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G4 and G5 
with curves proposed by Seed et al. (1986) for clean sands. 
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Figure 8.23 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G4 and G5 
with curves proposed by Darendeli (2001) for silt soils. 

8.3.1.4 Sensors G1 and G8 (6 ft (1.8 m) deep, mid-distance between the sensors is 2.63 
in. (67 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves measured between Sensors G1 

(inside the concrete) and G8 (see Figure 8.1 for locations of sensors) are presented on 

Figures 8.24, 8.25 and 8.26, respectively. In addition, laboratory measured curves (with 

intact ML specimen) are also shown for comparison.  

The differences between the field G/Gmax- log γ curve between Sensors G1 and 

G8 and the laboratory curve is very similar to that observed between Sensors G1 and G3 

and the laboratory curve (see section 8.3.1.1). As explained in Section 8.3.1.1, the main 

reason is thought to be the incompatibility of the calculated shear strains with the 

measured shear wave propagation velocity due to localized slip movements in the soil 

near the shaft (see Section 8.3.1.1 for more details).  
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Figure 8.24 Variation of shear wave velocity with shear strain between Sensors G1 and 

G8 evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.25 Variation of shear modulus with shear strain between Sensors G1 and G8 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.26 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G8 evaluated from Stage 2 field tests using Shaft D. 

Figure 8.24 shows that small-strain Vs measured in Stage 1 tests (impact tests 

using hammers) is about twice the Vs measured in Stage 2 tests. Additionally, the Vs from 

Stage 2 tests (460 fps (140 m/sec)) is significantly low compared to other measurements 

of Vs in the field (744, 753 and 795 fps (227, 230 and 242 m/sec) for sensor intervals G1-

G3, G3-G4 and G4-G5, respectively). The very low value of Vs at this sensor interval 

indicates that the soil at this location got significantly disturbed at the beginning of Stage 

2 tests.  

In Figure 8.27 the change in Gmax after larger strains were induced in the soil is 

shown. Similar to that was observed between in other sensor intervals, Gmax was not 

constant throughout the test. 
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Figure 8.27 Change in small-strain shear modulus after high-strain tests between Sensors 

G1 and G8 evaluated from Stage 2 field tests using Shaft D. 

A trend line that represents the field G/Gmax-log γ between Sensors G1 and G8 is 

presented in Figure 8.28. The trend line was determined using the modified hyperbolic 

model (Equation 8.2). A comparison between the field and the laboratory G/Gmax- log γ 

curves indicates that the field G/Gmax- log γ curve exhibits more linear behavior 

compared to the laboratory determined G/Gmax- log γ curve (as it is between Sensors G1 

and G3).  

In Figures 8.29 and 8.30, the field G/Gmax- log γ curve is compared to the 

empirical curves proposed by Seed et al. (1986) and Darendeli (2001), respectively. 

Similar to the field curve evaluated between Sensors G1 and G3, field curve between 

Sensors G1 and G8 also exceeds the range proposed by these empirical curves. 
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Figure 8.28 Nonlinear normalized shear modulus curve between Sensors G1 and G8 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.29 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G1 and G8 
with curves proposed by Seed et al. (1986) for clean sands. 
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Figure 8.30 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G1 and G8 
with curves proposed by Darendeli (2001) for silt soils. 

8.3.1.5 Sensors G8-G9 (6 ft (1.8 m) deep, mid-distance between the sensors is 7.72 in. 
(196 mm) away from the shaft) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors G8 and 

G9 (see Figure 8.1 for locations of sensors) are presented in Figures 8.31, 8.32 and 8.33, 

respectively. Laboratory measured curves (with intact ML specimen) are also shown for 

comparison.  

Data in Figures 8.31 through 8.33 show that some nonlinear behavior in the silt 

soil was created between Sensors G8 and G9 (average distance of 7.72 in. (196 mm) 

away from the shaft) during Stage 2 field tests. Average shear strains measured in the 

field between Sensors G8 and G9 were in the range of 0.00014 to 0.007%. The small-

strain shear wave velocity measured between Sensors G8 and G9 from Stage 2 tests is the 

same as the small-strain Vs measured in Stage 1 tests. Small-strain Vs measured in the 

field is 1.5 times of the small-strain (low-amplitude) Vs measured in the laboratory. 
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Figure 8.31 Variation of shear wave velocity with shear strain between Sensors G8 and 

G9 evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.32 Variation of shear modulus with shear strain between Sensors G8 and G9 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.33 Variation of normalized shear modulus with shear strain between Sensors 

G8 and G9 evaluated from Stage 2 field tests using Shaft D. 

The small-strain measurement at a 8000-lb (35.6-kN) static load level is slightly 

lower than the measurements made before, at 2000-lb (8.9-kN) and 4000-lb (17.8-kN) 

static load levels due to disturbance caused by the tests at ±2400-lb (10.7-kN) dynamic 

loading at the 4000-lb (17.8-kN) static load level. In Figure 8.33, the first data point at the 

8000-lb (35.6-kN) static load level was not included in the calculation of Gmax. As 

observed in Figure 8.33, at the end of Stage 2 field tests, the value of the normalized 

shear modulus reduced to 0.81. G/Gmax-log γ data measured in the field is slightly below 

the laboratory measured data. The γt
e
 field is about 0.0005% which is smaller than the 

value determined in the laboratory (approximately 0.0006%). 

In Figure 8.34 the change in Gmax after larger strains are induced in the soil is 

shown. Data in Figure 8.34 indicates that Gmax is not constant throughout the test. This 

behavior is similar to that measured with the other sensor intervals. Based on the trend 
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that is observed in Figure 8.34, a cyclic threshold strain value of 0.003% is estimated for 

the field G/Gmax -log γ curve. 

A trend line that represents the field G/Gmax-log γ between Sensors G8 and G9 is 

presented in Figure 8.35. The trend line was determined using the modified hyperbolic 

model (Equation 8.2). For the curve shown in Figure 8.34, the model parameters, a and γr, 

are 1.168 and 0.0228, respectively. The field G/Gmax- log γ curve is below the laboratory 

G/Gmax- log γ curve as it was with sensor intervals G3-G4 and G4-G5. The estimated γr 

field is approximately equal to 0.023% which is lower than the value determined in the 

laboratory (0.047%).In Figures 8.36 and 8.37, the field data is compared to the empirical 

curves proposed by Seed et al. (1986) and Darendeli (2001), respectively. The field curve 

is close to the mean empirical curves, showing better agreement with the mean curve of 

Darendeli (2001). 

 
Figure 8.34 Change in small-strain shear modulus after high-strain tests between Sensors 

G8 and G9 evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.35 Nonlinear normalized shear modulus curve between Sensors G8 and G9 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.36 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G8 and G9 
with curves proposed by Seed et al. (1986) for clean sands. 
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Figure 8.37 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G8 and G9 
with curves proposed by Darendeli (2001) for silt soils. 

8.3.1.6 Sensors G9-G10 (6 ft (1.8 m) deep, mid-distance between the sensors is 13.19 in. 
(335 mm) away from the shaft)) 

The Vs-log γ, G-log γ and G/Gmax-log γ curves, measured between Sensors G9 and 

G10 (see Figure 8.1 for locations of sensors) are presented in Figures 8.38, 8.39 and 8.40 

respectively. Laboratory measured curves (with intact ML specimen) are also shown for 

comparison.  

Data in Figures 8.38 through 8.40 show that some nonlinear behavior in the silt 

soil was created between Sensors G9 and G10 (average distance of 13.19 in. (335 mm) 

away from the shaft) during Stage 2 field tests. Average shear strains measured in the 

field between Sensors G9 and G10 were in the range of 0.0001 to 0.006%.  
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Figure 8.38 Variation of shear wave velocity with shear strain between Sensors G9 and 

G10 evaluated from Stage 2 field tests using Shaft D. 

 
Figure 8.39 Variation of shear modulus with shear strain between Sensors G9 and G10 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.40 Variation of normalized shear modulus with shear strain between Sensors 

G9 and G10 evaluated from Stage 2 field tests using Shaft D. 

The small-strain shear wave velocity measured between Sensors G9 and G10 

from Stage 2 tests is the same as the small-strain Vs measured in Stage 1 tests. Small-

strain Vs measured in the field is 1.8 times of the small-strain (low-amplitude) Vs 

measured in the laboratory. This difference between the field and laboratory Vs values is 

unusually high.  

The small-strain measurement at a 8000-lb (35.6-kN) static load level is slightly 

lower than the measurements made before, at 2000-lb (8.9-kN) and 4000-lb (17.8-kN) 

static load levels due to disturbance caused by the tests at ±2400-lb (10.7-kN) dynamic 

loading at the 4000-lb (17.8-kN) static load level.  

As expected, the decrease in small-strain Vs at 8000-lb (35.6-kN) static load 

levels is less significant compared to that observed between Sensors G8 and G9. In 

Figure 8.40, the first data point at the 8000-lb (35.6-kN) static load level was not included 
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in the calculation of Gmax. As observed in Figure 8.33, at the end of Stage 2 field tests, the 

value of the normalized shear modulus reduces to 0.78. G/Gmax-log γ data measured in the 

field is below the laboratory measured data. The γt
e
 field is about 0.0005% which is smaller 

than the value determined in the laboratory (approximately 0.0006%) 

In Figure 8.41 the change in Gmax after larger strains were induced in the soil is 

shown. As seen in this figure, Gmax was not constant throughout the test. This behavior is 

similar to that measured with the other sensor intervals. Similar behavior was not 

observed during the RCTS test with intact specimen (see Figure 7.60). However, the Gmax 

values of the intact specimen was already less than half of the field Gmax values at the 

start of the testing. Based on the trend that is observed in Figure 8.34, a cyclic threshold 

strain value of 0.003% is estimated for the field G/Gmax -log γ curve. 

 

 
Figure 8.41 Change in small-strain shear modulus after high-strain tests between Sensors 

G9 and G10 evaluated from Stage 2 field tests using Shaft D. 
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A trend line that represents the field G/Gmax-log γ between Sensors G9 and G10 is 

presented in Figure 8.42. The trend line was determined using the modified hyperbolic 

model (Equation 8.2). For the curve shown in Figure 8.42, the model parameters, a and γr, 

are 1.102 and 0.0165, respectively. The field G/Gmax- log γ curve is below the laboratory 

G/Gmax- log γ curve as it was with sensor intervals G3-G4, G4-G5 and G8-G9. The 

estimated γr field is approximately equal to 0.017%. 

In Figures 8.43 and 8.44, the field data is compared to the empirical curves 

proposed by Seed et al. (1986) and Darendeli (2001), respectively. The field curve is 

located between the mean and lower bound curves for clean sands of Seed et al. (1986). 

Comparison with empirical curves of Darendeli (2001) shows that the field curve is 

between the mean and the mean minus one standard deviation curves for silts of 

Darendeli (2001). 

 
Figure 8.42 Nonlinear normalized shear modulus curve between Sensors G9 and G10 

evaluated from Stage 2 field tests using Shaft D. 
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Figure 8.43 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2  field measurements between Sensors G9 and G10 
with curves proposed by Seed et al. (1986) for clean sands. 

 
Figure 8.44 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field measurements between Sensors G9 and G10 
with curves proposed by Darendeli (2001) for silt soils. 
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8.3.1.7 Sensors G5-G6, G6-G7, G10-G11 and G11-G12 

Field measurements between the rest of the sensors (sensor intervals G5-G6, G6-

G7, G10-G11 and G11-G12) were also evaluated. The field Vs-log γ, G-log γ and G/Gmax-

log γ curves obtained between these sensors are presented in Appendix C. As shown in 

Appendix C, measurements between these sensors which are further away from Shaft D 

(the source) seem to show a common trend where Vs (hence, Gmax) increases as the shaft 

is excited with higher forces.  

One reason for measuring higher velocities seems to be related to interactions 

with P-waves at further distances from the shaft. One disadvantage of steady-state testing 

is that P- and S-waves cannot be identified separately from the recorded waveforms.  The 

potential contributions from P-waves combining with the S-waves at the further sensors 

are illustrated in Figure 8.45.  

One contributor could to P-wave energy could be slightly eccentric loading of the 

shaft which becomes more influential as the load level increases. With increasingly 

eccentric loading, the shaft would start bending, which would cause P-waves to be 

generated by the ends of the shaft. A second contributor, which would also become more 

influential with the eccentric loading of the shaft, would arise from the irregularities in 

the shape of the shaft. As seen in Figures 7.37 and 7.38 there are irregularities in the 

diameter of Shaft D. At a depth of about 4 ft (1.2 m), there is a bulb of concrete which 

would act as a P-wave source. The horizontal (radial) sensor arrays in the soil were at 

depths of about 6 ft (1.8 m) and 7 ft (2.1 m). P-waves generated by the bulb of concrete 

(at ~ 4 ft (1.2 m) could arrive to further sensors as reflected and refracted waves which 

combined with horizontally propagating SV waves. In this case, the ground surface 

would be one important contributor for reflecting waves.  
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Figure 8.45 Illustration of potential contributions from P-waves combining with the S-

waves at the further sensors. 

The soil layering with different wave propagation properties would be another 

contributor to the generation of refracted waves. The presence of locally stiffer material 

located right above or below the testing depth might lead the waves that are traveling in 

this stiffer layer could add to the direct shear waves. One other contributor, which would 

act together with the other possible contributors mentioned above, would be P-waves 

generated at the bottom of the shaft. Unfortunately, 2-D geophones (combined vertical 

and radial geophones) were not used. Therefore, the exact cause, or causes could not be 
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evaluated. The measurement of radial motions could have helped to understand some of 

these effects. 

8.3.2 Comparison of Field Curves between Sensor Intervals G1-G3, G3-G4, G4-G5, 
G1-G8, G8-G9 and G9-G10 Evaluated from the Stage 2 Tests 

Field curves evaluated between Sensors G1-G3, G3-G4, G4-G5, G1-G8, G8-G9 

and G9-G10 from Stage 2 tests are compared in Figures 8.46 through 8.50. In Figures 

8.46 and 8.47, the field G-log γ data are presented for sensors at a depth of 7 ft (2.1 m) 

and 6 ft (1.8 m), respectively. Small-strain Vs values corresponding to the Gmax values are 

also shown in Figures 8.46 and 8.47 for comparison.  

Data in Figure 8.46 show that small-strain Vs values (hence, Gmax) are similar 

between sensor intervals G1-G3 and G3-G4. Sensor interval G4-G5 has a slightly higher 

small-strain Vs value (hence, Gmax). Sensor intervals G3-G4 and G4-G5 exhibit similar G 

- log γ relationships while sensor interval G1-G3 exhibits a more linear behavior. The 

difference is related to being at the interface zone between the shaft and soil. As 

explained in Section 8.3.1.1, the main reason is thought to be the incompatibility of the 

calculated shear strains with the measured shear wave propagation velocity due to 

occurrence of localized slip movements in the soil near the shaft (see Section 8.3.1.1 for 

more explanation). The soil between the shaft and the first sensor in the soil is also 

expected to be affected by the construction procedure of the shaft as well as the stresses 

that are generated due to static and dynamic loading of the shaft. 

Data in Figure 8.47 shows that the G-log γ relationships evaluated between sensor 

intervals G8-G9 and G9-G10 are very similar. However, for sensor interval G1-G8, the G 

values are considerably lower. The presence of locally soft and/or disturbed soil due to 

the construction of the shaft at this location (between the shaft and Sensor G8) may cause 

the measured difference. 
 



 373

 
Figure 8.46 Comparison of the variation of shear modulus with shear strain evaluated 

from Stage 2 field tests at a depth of 7 ft (2.1 m) for sensor intervals G1-G3, 
G3-G4 and G4-G5.  

 
Figure 8.47 Comparison of the variation of shear modulus with shear strain evaluated 

from Stage 2 field tests at a depth of 6 ft (1.8 m) depth for sensor intervals 
G1-G8, G8-G9 and G9-G10. 
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In Figure 8.48, field G-log γ data from sensor intervals G3-G4, G4-G5, G8-G9 

and G9-G10 are plotted again excluding data from intervals G1-G3 and G1-G8. Data in 

Figure 8.48 show that, on average, the soil at a depth of 6 ft (1.8 m) has about 10% higher 

Vs value than the soil at a depth of 7 ft (2.1 m). 

In Figure 8.49 the field G/Gmax- log γ data from sensor intervals G3-G4, G4-G5, 

G8-G9 and G9-G10 are shown together. Figure 8.49 show that the field G/Gmax- log γ 

data have a range below the laboratory the laboratory G/Gmax- log γ data.  

In Figure 8.50, trend lines that are fitted to the field G/Gmax- log γ data from 

sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10 (as presented earlier for each sensor 

interval) are shown together to allow for comparison. Figure 8.50 shows that the G/Gmax- 

log γ curves between sensor intervals G3-G4 and G8-G9 are closer to the laboratory 

curve and are located above the curves from sensor intervals G4-G5 and G9-G10. The 

differences may be the result of spatial variability in the soil properties. 

8.3.3 Field Vs-log γ, G-log γ, G/Gmax-log γ and Gmax, after high-strain- log γ Curves 
Updated with Stage 3 Tests and Comparisons with Laboratory and Empirical 
Curves  

Field measurements from Stage 3 tests (steady-state tests using T-Rex) were 

evaluated using the method of analysis described in Section 4.3.3. Results from the Stage 

3 tests add more data points to the field curves evaluated from the Stage 2 tests, 

especially at higher strains. The Gmax values that were calculated for the Stage 2 tests 

were used for the calculation of G/Gmax-log γ data from the Stage 3 tests. Although the 

shear wave velocity and shear strain values evaluated from sensor intervals G1-G3 and 

G1-G8 are found to be non-representative for reasons explained in Section 8.3.1.1, data 

from Stage 3 tests for these intervals are still presented for the purpose of comparisons 

with Stage 2 tests.  
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Figure 8.48 Comparison of the variation of shear modulus with shear strain evaluated 

from Stage 2 field tests at depths of 6 ft (1.8 m) and 7 ft (2.1 m) for sensor 
intervals G3-G4, G4-G5, G8-G9 and G9-G10.  

 
Figure 8.49 Comparison of variation of normalized shear modulus with shear strain 

evaluated from Stage 2 field tests at depths of 6 ft (1.8 m) and 7 ft (2.1 m) 
for sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10.  
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Figure 8.50 Comparison of nonlinear normalized shear modulus curves evaluated from 

Stage 2 field tests at the depths of 6 ft (1.8 m) and 7 ft (2.1 m) for sensor 
intervals G3-G4, G4-G5, G8-G9 and G9-G10. 

8.3.3.1 Sensors G1 and G3 (7 ft (2.1 m) deep, mid-distance between the sensors is 2.81 
in. (71 mm) away from the shaft) 

The G-log γ and G/Gmax-log γ curves between Sensors G1 and G3 are re-plotted 

on Figures 8.51 and 8.52, respectively, with data from Stage 3 tests. At the end of the 

tests G/Gmax reduced to a value of 0.25.  

Shear moduli measured at the beginning of the Stage 3 tests at strain levels that 

had already been induced in the Stage 2 tests, resulted in much lower values compared to 

the measurements obtained in the Stage 2 tests. However, once the strains exceeded the 

level induced in the Stage 2 tests, the measured data follows the same trend observed in 

the Stage 2 tests. 
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Figure 8.51 Variation of shear modulus with shear strain between Sensors G1 and G3 

evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure 8.52 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G3 evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 
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8.3.3.2 Sensors G3 and G4 (7 ft (2.1 m) deep, mid-distance between the sensors is 8.13 
in. (21 mm) away from the shaft) 

The G-log γ and G/Gmax-log γ curves between Sensors G3 and G4 are re-plotted in 

Figures 8.53 and 8.54, respectively, with data from the Stage 3 tests. As shown in these 

figures, maximum strains measured in the Stage 3 tests reached 0.049%. At this level of 

strain, G/Gmax reduced to a value of 0.51. Shear moduli measured in the Stage 3 tests 

shows agreement with those measured in the Stage 2 tests.  

In Figure 8.55, the trend line that represents the field G/Gmax-log γ between 

Sensors G3 and G4 (which is presented earlier in Figure 8.14) is updated using 

measurements made in the Stage 3 tests. The hyperbolic model parameters for the 

updated G/Gmax-log γ curve that is presented in Figure 8.55 are 0.837 and 0.0390, 

respectively, for a and γr As seen in Figure 8.55, the field G/Gmax- log γ curve plots 

slightly below the laboratory determined G/Gmax- log γ curve. 

 
Figure 8.53 Variation of shear modulus with shear strain between Sensors G3 and G4 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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Figure 8.54 Variation of normalized shear modulus with shear strain between Sensors 

G3 and G4 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure 8.55 Nonlinear normalized shear modulus curve between Sensors G3 and G4 

evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 
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8.3.3.3 Sensors G8-G9 (6 ft (1.8 m) deep, mid-distance between the sensors is 7.72 in. 
(196 mm) away from the shaft) 

The G-log γ and G/Gmax-log γ curves between Sensors G8 and G9 are re-plotted 

on Figures 8.56 and 8.57, respectively, with data from the Stage 3 tests. As shown in 

these figures, maximum strains measured in the Stage 3 tests reached 0.053%. At this 

level of strain, G/Gmax reduced to a value of 0.45. Shear moduli measured in the Stage 3 

tests shows a good agreement with those measured in the Stage 2 tests.  

In Figure 8.58, the trend line that represents the field G/Gmax-log γ between 

Sensors G8 and G9 (which was presented earlier in Figure 8.35) is updated using 

measurements made in the Stage 3 tests The hyperbolic model parameters for the updated 

G/Gmax-log γ curve that is presented in Figure 8.58 are 0.866 and 0.0426, respectively, for 

a and γr. As seen in Figure 8.58, the field G/Gmax- log γ curve plots slightly below the 

laboratory determined G/Gmax- log γ curve. 

 
Figure 8.56 Variation of shear modulus with shear strain between Sensors G8 and G9 

evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 
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Figure 8.57 Variation of normalized shear modulus with shear strain between Sensors 

G8 and G9 evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure 8.58 Nonlinear normalized shear modulus curve between Sensors G8 and G9 

evaluated from the Stage 2 and Stage 3 field tests using Shaft D. 
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8.3.3.4 Sensors G4-G5, G5-G6, G6-G7, G1-G8, G9-G10, G10-G11 and G11-G12 

Field measurements from the Stage 3 tests between the rest of the sensors (G4-

G5, G5-G6, G6-G7, G1-G8, G9-G10, G10-G11 and G11-G12) were also evaluated. The 

field G-log γ and G/Gmax-log γ curves obtained between these sensors are given in 

Appendix C. As shown in Appendix C, measurements between these sensors seem to 

show a common trend where G increases as the shaft is excited with higher forces. This 

trend is similar to what was observed in Stage 2 tests. The possible reasons are discussed 

in Section 8.3.1.7. The fact that the effect gets more significant with increasing load level 

seems to support the conclusion that slight eccentric loading of the shaft together with the 

bulb of concrete at about 4 ft (1.2 m) depth, generates P-waves and interaction of these P-

waves with the free-surface contributes higher velocity waves to arrive to the sensor 

locations before horizontally propagating SV wave arrivals. As mentioned in Section 

8.3.1.7, one disadvantage of steady-state testing is that P-and S-waves cannot be 

identified separately from the recorded waveforms. 

8.3.4 Comparison of Field Curves between Sensors G3-G4, G4-G5, G8-G9, G9-G10 
Evaluated from Stage 2 and Stage 3 Tests 

The field G-log γ data measured between Sensors G3-G4, G4-G5, G8-G9 and G9-

G10 from the Stage 2 and Stage 3 tests are plotted together in Figure 8.59. The G/Gmax -

log γ data from these sensors are shown in Figure 8.60.  

It is observed from Figure 8.60 that the field data show a range that is right below 

the laboratory curve. In Figure 8.61, the updated trend lines that represent the field 

G/Gmax -log γ data are presented together. Figure 8.61 shows that the curves for sensor 

intervals G3-G4 and G8-G9 are very similar and located slightly below the laboratory 

curve. The curves for sensor intervals G4-G5 and G9-G10 are also similar to each other 

and are located below the curves for sensor intervals G3-G4 and G8-G9.  
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Figure 8.59 Comparison of variation of shear modulus with shear strain evaluated from 

the Stage 2 and Stage 3 field tests at depths of 6 ft (1.8 m) and 7 ft (2.1 m) 
for sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10. 

 
Figure 8.60 Comparison of variation of normalized shear modulus with shear strain 

evaluated from the Stage 2 and Stage 3 field tests at depths of 6 ft (1.8 m) 
and 7 ft (2.1 m) for sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10. 
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Figure 8.61 Comparison of nonlinear normalized shear modulus curves evaluated from 

the Stage 2 and Stage 3 field tests at depths of 6 ft (1.8 m) and 7 ft (2.1 m) 
for sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10. 

The difference may be the result of spatial variability in the soil properties. It is 

also important to note that the data from sensor intervals G3-G4 and G8-G9 include 

measurements at higher strains from the Stage 3 tests. The trends obtained for these 

sensor intervals result from more data points, therefore may be regarded as more credible. 

8.4 PARTICLE VELOCITY VERSUS DISTANCE AND STRAIN VERSUS DISTANCE CURVES 
MEASURED DURING THE STAGE 1, STAGE 2 AND STAGE 3 FIELD TESTS 

Particle velocities measured at each sensor location from the Stage 2 and Stage 3 

field tests are plotted together to provide information about the intensity of the motion 

generated within Shaft D, the attenuation of this motion in soil with distance, and any 

change in the attenuation versus distance relationship with strain level. 

In Figures 8.62 and 8.63, particle velocities measured at the sensor locations at 7 

ft (2.1 m) and at 6 ft (1.8 m) depths, respectively, are shown on the vertical axes. 
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Horizontal axes in these figures show the locations of sensors with respect to the shaft. In 

Figures 8.62 and 8.63, the measurements made at different levels of excitations are 

shown with different symbols. In Figures 8.64 and 8.65, the same information is re-

plotted in semi-logarithmic scale to provide a better look.  

Figures 8.62 through 8.65 show that particle velocities measured at sensor 

locations at depths of 7 ft (2.1 m) and 6 ft (1.8 m) are similar. For a given excitation 

level, particle velocity decreases with distance. The maximum particle velocity measured 

in Shaft D reached 7 in./sec (178 mm/sec) during the highest level of excitation using T-

Rex (Stage 3 tests). At this level of excitation, particle velocity measured at the closest 

sensor in the soil was approximately 3.5 in./sec (89 mm/sec) (half of the motion 

measured in the shaft). Maximum particle velocities measured in the shaft and in the soil 

closest to the shaft during the Stage 2 tests were about 2.8 in./sec (71 mm/sec) and 1.0 

in./sec (25 mm/sec), respectively. Figures 8.62 through 8.65 also show that after a 28 in. 

(711 mm) distance away from the shaft, measured particle velocities are about 0.4 times 

of those measured at the sensor in the soil closest to the shaft. 

Average shear strains measured between adjacent sensors from the Stage 1, Stage 

2 and Stage 3 tests are also plotted together to provide information about the attenuation 

of shear strains that are induced in the soil by exciting Shaft D and to identify any change 

in the attenuation versus distance relationship with strain level. The variation of shear 

strain with distance measured between sensors located at 7 ft (2.1 m) is shown in Figures 

8.66 and 8.67. The variation of shear strain with distance measured between sensors 

located at 6 ft (1.8 m) is shown in Figures 8.68 and 8.69. Figures 8.66 through 8.69 show 

that, for a given level of excitation, shear strain decreases with increasing distance. As 

explained in Section 8.3.1.1, the calculated shear strains between the shaft and the first 
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sensor in the soil is possibly overestimated due to localized slip movements in the soil 

right next to the shaft. 

 
Figure 8.62 Variation of particle velocity with distance at a depth of 7 ft (2.1 m) during 

the Stage 2 and Stage 3 field tests around Shaft D. 

 
Figure 8.63 Variation of particle velocity with distance at a depth of 6 ft (1.8 m) during 

the Stage 2 and Stage 3 field tests around Shaft D. 
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Figure 8.64 Variation of log of particle velocity with distance at a depth of 7 ft (2.1 m) 

during Stage 2 and Stage 3 field tests around Shaft D. 

 
Figure 8.65 Variation of log of particle velocity with distance at a depth of 6 ft (1.8 m) 

during Stage 2 and Stage 3 field tests around Shaft D. 
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Figure 8.66 Variation of shear strain with distance at a depth of 7 ft (2.1 m) during the 

Stage 1 and Stage 2 field tests around Shaft D. 

 
Figure 8.67 Variation of shear strain with distance at a depth of 7 ft (2.1 m) during the 

Stage 2 and Stage 3 field tests around Shaft D. 
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Figure 8.68 Variation of shear strain with distance at a depth of 6 ft (1.8 m) during the 

Stage 1 and Stage 2 field tests around Shaft D. 

 
Figure 8.69 Variation of shear strain with distance at a depth of 6 ft (1.8 m) during the 

Stage 2 and Stage 3 field tests around Shaft D. 



 390

Figure 8.67 and 8.69 show that the difference between the calculated shear strains 

in the shaft-soil interval and the first interval in the soil (both sensors in the soil) is larger 

at higher levels of excitation. The change is more significant after the ±1200-lb (5.3-kN) 

dynamic loading at a static load level of 8000 lb (35.6 kN). 

8.5 RESULTS FROM REPETITION OF STAGE 2 FIELD TESTS (USING THUMPER) 

As described in Chapter 7, Stage 2 tests were repeated after the Stage 3 tests were 

completed. These tests were also analyzed as described in Section 4.3.3. The G-log γ and 

G/Gmax-log γ curves measured in these repetition tests are presented in this section. The 

figures also include curves from the initial Stage 2 to allow for comparison. In all figures, 

solid symbols represent the initial Stage 2 tests that were performed on February 7, 2006. 

The results from repeating of the Stage 2 tests on March 10, 2006 (after Stage 3 tests 

were completed) are represented with hollow symbols. Small-strain tests after larger 

strain tests were not repeated in these tests. Therefore, change in Gmax during the tests is 

not known. 

The field G-log γ curves are presented in Figures 8.70 and 8.71. The figures show 

that at sensor intervals G1-G3 and G1-G8 (between the shaft and the first sensors in the 

soil), the values of shear moduli are reduced significantly due to disturbance caused by 

Stage 3 tests. Figures 8.72 and 8.73 show the field G/Gmax-log γ curves at sensor intervals 

G1-G3 and G1-G8, respectively. As seen in these figures, the field G/Gmax-log γ curves 

from the repetition tests for these sensor intervals are above those measured in initial 

Stage 2 tests. The localized slip movements might have increased at this stage, since the 

soil was significantly disturbed after Stage 3 tests.  

It should be reminded here that at the end of the Stage 3 tests, Shaft D settled 

about one inch (25 mm) mostly due to the last level of dynamic loading applied with T-

Rex (see Section 7.4). All of these movements might have also increased the state of 
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stress in the soil. The increased stress could cause the G/Gmax- log γ curve to shift to 

larger strains  

In Figures 8.74 through 8.77, the G-log γ and G/Gmax-log γ curves for sensor 

intervals G3-G4 and G8-G9 are shown. Measurements from these sensor intervals show 

an increase in Gmax values compared to the initial Stage 2 tests. The G/Gmax-log γ curves 

from repetition tests are slightly above the curves from initial Stage 2 tests. The data from 

shallower depth are more scattered.  

 
Figure 8.70 Variation of shear modulus with shear strain between Sensors G1 and G3 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure 8.71 Variation of shear modulus with shear strain between Sensors G1 and G8 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 

 
Figure 8.72 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G3 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 
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Figure 8.73 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G8 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

 
Figure 8.74 Variation of shear modulus with shear strain between Sensors G3 and G4 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure 8.75 Variation of normalized shear modulus with shear strain between Sensors 

G3 and G4 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

 
Figure 8.76 Variation of shear modulus with shear strain between Sensors G8 and G9 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure 8.77 Variation of normalized shear modulus with shear strain between Sensors 

G8 and G9 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

The field G-log γ and G/Gmax-log γ curves for sensor intervals G4-G5, G5-G6, 

G6-G7, G9-10, G10-G11 and G11-G12 are shown in Appendix C. The data from G4-G5 

are very similar to that is measured from sensor interval G3-G4. Measurements from the 

shallower depth show more scatter. The data from the rest of the sensor intervals (i.e. G5-

G6, G6-G7, G9-10, G10-G11 and G11-G12) indicate a trend where G increases with 

increasing shear strain. A similar trend was observed for sensor interval G9-G10 in Stage 

3 tests. A similar trend was also observed for sensor intervals in both Stage 2 and Stage 3 

tests.  The possible reasons are discussed in Section 8.3.1.7. These data were used to 

conclude that the field method proposed in this dissertation could not be repeated once 

high strains are induced and the shaft has settled. 
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8.6 SPATIAL VARIABILITY OF SMALL-STRAIN VS AT THE TEST LOCATION 

In Table 8.2, small-strain Vs values measured between all sensors at the beginning 

of the Stage 2 tests are presented in an attempt to provide information about the spatial 

variability of Vs at the test location.  

Table 8.2 Small-strain shear wave velocities measured at the beginning of Stage 2 
tests around Shaft D (February 7, 2006) 

Sensors Depth of 
Sensors 

(ft) 

Distance between 
Sensors  

(in.) 

Average Radial Distance of 
Sensors to Shaft 

(in.) 

Small-Strain Shear 
Wave Velocity 

(fps)  
G1-G3 7  5.63 2.81 744 
G3-G4 7  5.00 8.13 753 
G4-G5 7  5.63 13.44 795 
G5-G6 7  11.63 22.06 868 
G6-G7 7  8.63 32.19 881 
G1-G8 6  5.25 2.63 459 
G8-G9 6 4.94 7.72 848 

G9-G10 6  6.00 13.19 861 
G10-G11 6 12.06 22.22 888 
G11-G12 6 8.38 32.44 604 

Data in Table 8.2 indicates that at a 7 ft (2.1 m) depth, the small-strain Vs varies 

from 744 fps (227 m/sec) to 881 fps (269 m/sec) with an average Vs value of 808 fps 

(246 m/sec) and a c.o.v. (coefficient of variation) of 0.08. At this depth, the small-strain 

Vs seems to increase systematically as the radial distance from the shaft increases. At a 

depth of 6 ft (1.8 m), small-strain Vs varies from 848 fps (258 m/sec) to 888 fps (271 

m/sec) with an average Vs value of 866 fps (264 m/sec) and a c.o.v. of 0.02 excluding the 

measurements made at sensor intervals G1-G8 and G11-G12. As noted earlier in Section 

8.3.2, Vs measured between Sensors G1 and G8 is expected to be affected by disturbance 

rather than spatial variability. Sensor interval G11-G12 is excluded because it is 

considered as non-representative (see Section 8.2, results of Stage 1 tests). The variability 

observed in the horizontal direction may result from local variations in soil properties 

such as fines content, water content, unit weight or degree of saturation.  
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Spatial variability in the vertical direction can be represented by the variability in 

the average Vs measured at depths of 7 ft (2.1 m) and 6 ft (1.8 m). At a 6 ft (1.8 m) depth, 

the average Vs value (808 fps (246 m/sec) is about 7% higher than the average Vs value 

(866 fps (864 m/sec)) measured at a 7 ft (2.1 m) depth. The increase in Vs at 6 ft (1.8 m) 

may be related to the lower degree of saturation (29% at 6.4 ft (2 m) compared to a 

degree of saturation of about 36% at a depth 7 ft (2.1 m) observed in undisturbed samples 

collected around Shaft D (see Section 7.6.1). However, it could also be related to a 

different degree of cementation.  

8.7 EVALUATION OF REPRESENTATIVE NONLINEAR SHEAR MODULUS CURVE FOR 
SOIL AROUND SHAFT D 

The G-log γ data that is data from sensor intervals G3-G4, G4-G5, G8-G9 and 

G9-G10 are shown together in Figure 8.78. Field G/Gmax-log γ data from these sensor 

intervals are re-plotted in an attempt to evaluate an average curve representing the 

variation of G/Gmax with shear strain for the soil around Shaft D. A hyperbolic curve is fit 

to the data using least square regression. The mean trend, in addition to mean plus and 

minus one standard deviation curves is presented in Figure 8.79.   

In Figure 8.79, it is observed that the laboratory curve is close to the mean plus 

one standard deviation field curve. The value of the reference shear strain, γr field, from the 

average field curve is approximately 0.040%. The value of the elastic threshold shear 

strain, γt
e 

field, is about 0.0004% (a factor of 100 between γr field and γt
e 

field). The values 

evaluated in the laboratory were approximately 0.047% and 0.0006% for γr and γt
e, 

respectively. In Figure 8.80, change in Gmax after larger strain tests measured from sensor 

intervals G3-G4, G4-G5, G8-G9 and G9-G10 is plotted together. The hyperbolic curve 

that is statistically fit to the data shows that the γt
c
field is between 0.003 to 0.004% (a factor 

of about 10 between γt
c 

field and γt
e 

field).  
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Figure 8.78 Variation of shear modulus with shear strain evaluated from the Stage 2 and 

Stage 3 field tests (sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10). 

 
Figure 8.79 Variation of normalized shear modulus with shear strain evaluated from the 

Stage 2 and Stage 3 tests in the field using Shaft D. 
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Figure 8.80 Change in small-strain shear modulus after high-strain tests evaluated from 

Stage 2 field tests using Shaft D. 

In Figure 8.81, the average field curve is compared to the mean empirical curves 

of Seed et al. (1986) and Darendeli et al. (2001). Figure 8.81 shows that the average field 

curve is close to the mean curve for clean sands proposed by Seed et al (1986). The mean 

field curve is above the mean curve for silts proposed by Darendeli (2001) for shear 

strains higher than 0.02%.  The mean field curve is within the ranges proposed by both 

empirical curves. 
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Figure 8.81 Comparison of the average field curve with empirical curves of Seed et al. 

(1986) and Darendeli et al. (2001). 

8.8 SUMMARY AND SOME CONCLUSIONS  

Analysis of the field measurements and discussion of the resulting nonlinear 

properties associated with the tests using Shaft D are presented. The Vs-log γ, G-log γ and 

G/Gmax-log γ curves between each pair of sensors in the sensor array are given. The 

sensor array was composed of two horizontal sub-arrays located at approximated depths 

of 6 ft (1.8 m) and 7 ft (2.1 m).  A sensor located inside the concrete shaft was also 

included as part of the sensor array by taking into account the P-wave travel time in the 

concrete (see Section 4.3.3 for details). The configuration of the sensor array is shown in 

Figure 8.1.  

The small-strain Vs (hence Gmax) measurements from Stage 1 tests (impact tests 

using hand-held hammers as sources) are summarized in Table 8.1. The method of 

analysis described in Section 4.3.3 is used to evaluate small-strain shear modulus values. 
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The measured shear wave velocities were in the range of 757 fps (231 m/sec) to 883 fps 

(269 fps) with an average of 839 fps (256 m/sec) and a coefficient of variation (c.o.v.) of 

0.05.  

The Vs-log γ, G-log γ and G/Gmax-log γ curves from Stage 2 (steady-state tests 

using Thumper as source) and Stage 3 tests (steady-state tests using T-Rex as the source) 

are given in Section 8.3 and Appendix C. The field data is analyzed as described in 

Section 4.3.3. A constant unit weight of 110 pcf (17.3 kN/m3) was assumed for the 

calculation of shear moduli (based on the laboratory investigation of undisturbed soil 

samples, see Section 7.6). The shear strains measured in the Stage 2 and Stage 3 tests 

were in the range of 0.00004 to 0.05%. The small-strain shear wave velocities measured 

at the beginning of Stage 2 tests (before any high amplitude tests were performed) are 

summarized in Table 8.2. The measured shear wave velocities were in the range of 744 

fps (223 m/sec) to 888 fps (271 fps) with an average of 830 fps (253 m/sec) and a 

coefficient of variation (c.o.v.) of 0.07. These values of Vs are very close (within 2 to 8%) 

to those obtained in the Stage 1 tests (using hammers). For each pair of sensors Gmax, after 

high-strain- log γ data, which show the change in Gmax as the magnitude of shear strains 

induced in the soil increases are also shown. The value of Gmax was not always constant 

throughout the tests. Field G/Gmax-log γ data were calculated using Gmax values as the 

average of the shear modulus values measured at small strains (typically less than 10-3) 

before any high-amplitude testing. The modified hyperbolic model (Equation 8.2) was 

used to fit G/Gmax-log γ curves to the field G/Gmax-log γ data.  

Nonlinear behavior in the field is characterized by three shear strain threshold 

values. The elastic threshold strain, γt
e
field, is the value of γ below which G is independent 

of strain amplitude and equal to Gmax. The cyclic threshold strain, γt
c
field, is the value of 

γ after which G varies with number of loading cycles and irrecoverable changes occur in 
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the soil due to cyclic loading. The reference strain, γr field, is the value of γ at G/Gmax = 0.5 

(Darendeli, 2001). It should be noted here that the reference strain is only a parameter 

that defines the shape of G/Gmax-log γ curve. It does not represent a physical soil 

condition.  Results from Stage 2 and Stage 3 tests show that γt
e field, is in the range of 

0.0004 to 0.0005%. The γt
c
field is estimated using the Gmax, after high-strain- log γ data and 

found to be in the range of 0.003 to 0.005%. The reference shear strain in the field, γr
 
field, 

is estimated from the modified hyperbolic model fit and found to be in the range of 0.02 

to 0.04%. These values are based on the data that is shown in Figure 8.60. 

Field Vs-log γ, G-log γ and G/Gmax-log γ curves between each pair of sensors were 

compared to the laboratory data obtained from "intact" specimen (see Section 7.6.3 for 

details about RCTS tests with intact silt specimen). The laboratory curve was adjusted 

based on the in-situ confining pressure (assuming Ko= 0.5). Small-strain Vs values were 

adjusted using the log Vs-log σo relationship measured in low amplitude RC tests (see 

Section 7.6.3.1). Small-strain Vs measured in the field was found to be about 1.5 times 

higher than the Vs measured in the laboratory, an unusually high difference. The 

difference is attributed to the differences between the field and the laboratory states of the 

soil which could be cementation, structure, fines content, capillary pressures as well as 

the disturbance associated with sampling and sample preparation procedures.  

Comparisons of field and laboratory G/Gmax-log γ data showed that most field 

data plots slightly below the laboratory curve. Field G/Gmax-log γ curves between each 

pair of sensors were also compared to empirical curves proposed by Seed et al (1986, 

curves for clean sand) and by Darendeli (2001, curves for PI=0, OCR=1 silty soils). Field 

data are within the range proposed by these empirical curves. 

Variations of particle velocity and shear strain with distance from the shaft were 

also evaluated. The particle velocity measured at about a distance of 28 in. (711 mm) 
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away from the shaft (the location of fourth sensor in the soil) was about 2.5 times smaller 

than the particle velocity measured at about a distance of 6 in. (152 mm) away from the 

shaft (the location of first sensor in the soil).  

Based on information presented in this chapter and Appendix C following 

conclusions were made (an illustration qualitatively summarizing these conclusions is 

given in Figure 8.82): 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.82 Qualitative illustration of conclusions from the field tests using Shaft D. 

1. The most consistent measurements were made at the first sensor interval in the 

soil at both depths. These intervals are G3-G4 and G8-G9, as shown in Figure 

8.82. 
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2. The measurements made at the second sensor interval in the soil at both depths 

also provided consistent data but for the Stage 1 and Stage 2 tests only. These 

intervals are G4-G5 and G9-G10, as shown in Figure 8.82. 

3. The sensor interval between the shaft and the first sensor in the soil at both depths 

was adversely affected by the localized slip movements occurring in the soil close 

to the shaft (see Section 8.3.1.1 for more details). 

4. The measurements made at the third and the fourth sensor intervals in the soil at 

both depths during the Stage 2 and the Stage 3 tests show a trend where Vs 

(hence, Gmax) increased as the shaft was excited with higher forces. The possible 

reasons are discussed in Section 8.3.1.7.   

A representative nonlinear shear modulus curve for soil around Shaft D was 

evaluated using G/Gmax-log γ data from sensor intervals G3-G4, G4-G5, G8-G9 and G9-

G10 (i.e. first and second sensor intervals in the soil at both depths). The average field 

curve is shown in Figure 8.79. The values of γt
e 

field and γr field are found to be 0.0004% 

and 0.040%, respectively (a factor of 100 between the two values). The γt
c
field is estimated 

to be between 0.003 to 0.004% (a factor of about 10 between γt
c 

field and γt
e 

field) based on 

the Gmax, after/Gmax - log γ data from sensor intervals G3-G4, G4-G5, G8-G9 and G9-G10 

(see Figure 8.80).  

A comparison of the average field curve with the laboratory curve shows that the 

field curve is slightly below the laboratory curve. Comparisons of the average field curve 

to the mean empirical curves of Seed et al. (1986) and Darendeli et al. (2001) show that 

the average field curve is close to the mean empirical curve of Seed et al (1986). The 

mean field curve is above the mean curve for silts of Darendeli for shear strains higher 

than 0.02%. The mean field curve is within the ranges proposed by both empirical curves. 
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Chapter 9:  SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 

9.1 SUMMARY  

In this study, the framework for a new generalized field method to evaluate the G-

log γ and G/Gmax- log γ curves of soil was developed. The field experiments involved 15-

in. (381-mm) diameter drilled shafts that were used to apply dynamic loads within the 

soil mass. Two drilled-shafts were used: one 6-ft (1.8-m) long and one 12-ft (3.7-m) long. 

The response of the soil to the shear loading from the shafts was measured using 

embedded instrumentation.  

The configuration, equipment and instrumentation used in the field tests and the 

field testing procedures are described in Chapter 4. A general illustration of this field set-

up is shown in Figure 4.1. A 15-in. (381 mm) diameter drilled shaft (that was constructed 

at the test site) was loaded dynamically in the vertical direction (using various impact 

sources and vibroseis trucks) to generate shear waves that horizontally propagate away 

from the sides of the shaft. Measurements of shear wave propagation velocity were 

performed using 14-Hz geophone sensors embedded in the soil at depth. The sensors 

were 1-D and were vertically oriented in horizontal arrays adjacent to the sides of the 

drilled shaft. The radial distances between sensors ranged from about 5 to 12 in. (127 to 

305 mm). 

A series of staged dynamic tests was conducted by loading the drilled shaft with 

successively larger forces. The particle velocity-time histories of vertical geophones 

embedded in each shaft and in the soil were recorded. Shear wave propagation velocity 

was calculated using the time shift between waveforms measured with adjacent sensors. 

Shear moduli were calculated using the measured shear wave propagation velocities and 

the mass density of soil. Strain amplitudes were calculated using the displacements 
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measured at adjacent sensor locations assuming a linear variation with radial distance 

from the shaft. The method of analysis is described in Section 4.3.3. 

The applicability of field method was studied by conducting several experiments 

at a “calibration” field site. The field site has been investigated by means of several 

geotechnical tests (field and laboratory) throughout the time over which the research was 

conducted. The initial site characterization study performed at the beginning of the 

research work is described in Chapter 3, and the soil characteristics and conditions are 

presented. Much more information on the soil conditions was collected throughout the 

field testing. This information is included in Chapters 5 and 7 in which the field tests at 

the specific test locations are described.  

Two sets of field tests were performed at two locations within the test site. In both 

set of tests, nonlinear behavior of soil was created and measured in the field. In the first 

set of tests, a 15-in. (381-mm) diameter, 6-ft (1.8-m) long drilled shaft was used to 

perform the field tests. In the second set of tests, a 15-in. (381-mm) diameter, 12-ft (3.7-

m) long drilled shaft was used to perform the field tests. 

The tests that were performed using the 6-ft (1.8-m) long drilled shaft were the 

initial trials of the 'new' field test method. Several different types of sensor arrangements 

were installed around this shaft. The sensors were at radial distances of approximately 4 

to 23 in. (127 to 914 mm) away from the side of the shaft and were at depths of 3 to 4 ft 

(0.9 to 1.2 m). The soil at the location of the sensor arrays classifies as a silty sand (SM) 

and was unsaturated (average degree of saturation was around 14%). A number of 

dynamic and static field tests were conducted over a rather long time period (from May 

2005 to December 2005). A large number of measurements were performed and 

variations of shear wave velocity, shear modulus and normalized shear modulus with 

shear strain (Vs-log γ, G-log γ, and G/Gmax-log γ, respectively) were evaluated. The 
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analysis and comparisons of the field results together with those from complimentary 

tests (such as laboratory dynamic tests, static load tests and various other conventional 

geotechnical tests) has led to modifications in the field test procedure. All information 

that is related to these first set of tests (using the 6-ft (1.8-m) long drilled shaft) and the 

resulting Vs-log γ, G-log γ, and G/Gmax-log γ curves are presented and discussed in 

Chapters 5 and 6.  The main benefit of the first set of tests was to gain experience and use 

this experience to organize the second set of tests with the 12-ft (3.7-m) long drilled 

shaft.  

The second set of tests using the 12-ft (3.7-m) long drilled shaft provided more 

complete measurements. The sensors installed around this shaft were placed at 

approximately 5 to 36 in. (127 to 914 mm) radially away from the side of the shaft and 

were at depths of 6 to 7 ft (1.8 to 2.1m). The soil at the location of the sensor arrays 

classifies as a non-plastic silt (ML) and was unsaturated (average degree of saturation 

was around 36%). All information that is related to the second set of tests and the 

resulting field Vs-log γ, G-log γ, and G/Gmax-log γ curves are described and discussed in 

Chapters 7 and 8. Analysis and comparisons of all experimental work presented in this 

study led to many conclusions as well as future ideas for further development of the 

proposed field test method. These points are discussed below. 

9.2 CONCLUSIONS  

The conclusions of this research study are discussed in two groups below. The 

first group of conclusions deals with development of the proposed field method. The 

second group of conclusions deals with field evaluation of the nonlinear shear stiffness of 

the soil as measured at the field site. 
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9.2.1 Development of the Generalized Test Method 

Based on this experimental work, the following conclusions are made regarding 

the development of the field test method. 

1. Nonlinearity can be created and measured in the field at depth using the proposed 

test set-up and procedures. Linear and nonlinear shear wave velocities of the soil 

were measured. Linear and nonlinear shear strains were evaluated from 0.0001% 

to 0.05%. From these measurements, the field Vs-log γ, G-log γ, and G/Gmax-log γ 

curves were evaluated. 

2. The variation of normalized shear modulus with shear strain determined in the 

field allowed characterization of the nonlinear soil behavior by γt
e
field (elastic 

threshold strain) and γr
 
field (reference shear strain) values (It should be noted here 

that reference shear strain does not represent a physical condition of the soil but it 

is an important parameter in defining the shape of the nonlinear shear modulus 

curve). In the knowledge of author, this is the first time that these values have 

been determined directly in the field. Also, staged testing, where small-strain 

measurements were repeated after each higher-strain test was performed and 

provided valuable information that permits identification of γt
c
field (cylic threshold 

strain) after which irrecoverable changes in shear stiffness occurs in the soil. 

3. Tests with dynamic loading at a fixed frequency for a fixed number of loading 

cycles (steady-state tests using vibroseis trucks) proved to be a more efficient and 

robust procedure compared to tests with impact loading (transient tests using 

hammers and drop weights). The steady-state tests allow a controlled level of 

forces to be applied and measured. The waveforms recorded in the steady-state 

tests were superior to those recorded from impact tests in terms of consistency as 

well as data processing. The method of analysis for the impact tests requires 
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picking wave arrival times "by eye" to calculate Vs, and therefore involves some 

judgment, especially in the nonlinear strain range. The analysis of records 

generated in steady-state tests involves less judgment, and the process of reducing 

data has the potential to be easily automated and quantified.  

4. Staged testing, where the shaft is loaded with successively larger forces, proved to 

be a good way of measuring soil nonlinearity. Using this procedure, it was 

possible to construct G-log γ curves that contained many data points ranging from 

linear to nonlinear strain levels.  

5. Measurements made between the shaft and sensors in the soil at about 4 to 6 in. 

(101 to 152 mm) radially away from the side of the shaft were found to be 

affected by the possible localized "slip" movements that occur in the soil near the 

shaft. The soil zone near the shaft is where concentrated stresses and 

displacements can occur due to combined static and dynamic loading of the shaft. 

This zone is the same zone where the side shear resistance along the shaft is 

shown to mobilize in static loading (O’Neill, 2001). Such concentrated 

displacements make the calculated shear strains to be larger than the average 

shear strain between the shaft and the closest sensor (see Section 8.3.1.1 for more 

explanation). It was found that beyond this zone, where sensors are both in the 

soil and about 6 to 16 in. (152 to 411 mm) radially away from the side of the shaft 

is the best place to evaluate nonlinear soil properties.  

6. During staged testing, small-strain Vs measurements should be repeated after each 

time a higher excitation force level is applied. The reason is that any changes in 

the shear stiffness caused by the higher-level loading can be identified. The field 

tests showed that the change in small-strain Vs could be used to determine when 

the soil skeleton was being affected permanently by the higher-amplitude tests.  
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7. Field tests cannot be repeated once high-strains are induced. Repetition of field 

tests after the highest force level of testing showed that disturbance caused by the 

highest force level tests was permanent and original conditions could not be 

repeated. 

8. Eccentric loading of the shaft (even slightly) should be avoided. Some of the 

measurements made in the field test seemed to indicate that slight eccentric 

loading of the shaft might have caused problems that became more influential as 

the load level increased and at increasing radial distances.  

9. The movement of the shaft should be monitored throughout the tests in order to 

identify changes associated with the static movement of the shaft. In the highest 

level of dynamic tests, the shafts were found to be permanently settling with each 

cycle of loading.    

10. Small-strain Vs measurements should also be made using conventional seismic 

tests. SASW and miniature crosshole tests were performed in this study to provide 

comparison with values measured using the dynamically loaded shaft. However, 

SASW tests lack the ability to detect small local variations in the Vs profile. Also, 

in order to conduct crosshole tests adjacent to the test area, care must be taken not 

to cause additional stresses and disturbance in the soil.  

11. Small-strain seismic Vs measurements using miniature crosshole testing should 

also be made before constructing the shaft in an attempt to provide an idea of 

disturbance that might be caused by the construction process. Unfortunately, these 

measurements were not performed in this study. 
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9.2.2 Field Evaluation of Nonlinear Shear Stiffness of Soil 

Based on the field tests performed at the silt (ML) site using 12-ft long drilled 

shaft, the following conclusions are made regarding the field evaluation of nonlinear 

shear stiffness of soil. These tests were performed after gaining experience and 

knowledge with the first set of tests using 6-ft (1.8-m) long drilled shaft. 

1. The Vs-log γ, G-log γ, and G/Gmax-log γ curves could be measured in the field and 

the curves fit the expected trends. 

2. At low confining pressures, empirical curves adequately predicted the nonlinear 

normalized shear modulus evaluated from the field measurements. Comparisons 

of the field data with the empirical curves for clean sands proposed by Seed et al. 

(1986) and curves for sands and silts for low confining pressures proposed by 

Darendeli (2001) showed that the field data were within the range predicted by 

these curves. 

3. The variation of normalized shear modulus with shear strain determined in the 

field allowed evaluation of two threshold shear strain values, γt
e
field, γt

c
field, and the 

reference shear strain value, γr field (It should be noted here that reference shear 

strain does not represent a physical condition of soil but it is an important 

parameter to define the shape of the nonlinear shear modulus curve). In a general 

sense, the two threshold strains and the reference shear stain were similar to those 

determined in the laboratory.  In a specific sense, the values were somewhat 

differed and were smaller than the laboratory determined ones. At the ML (non-

plastic) site, the values of γt
e 

field, γt
c
field and γr field were found to be 0.0004%, 

0.003-0.004% and 0.040%, respectively.  The values evaluated in the laboratory 

with an 'intact' specimen that was collected from the test location were 
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approximately 0.0006% and 0.047% for γt
e and γr, respectively. The value of γt

c
 

could not be determined in the laboratory. 

4. The small-strain Vs measured in the laboratory was much lower than the values 

measured in the field. The difference is attributed to the differences between the 

field and the laboratory states of the soil which could be cementation, structure, 

fines content, capillary pressures as well as the disturbance involved with the 

sampling and sample preparation procedures. However, when normalized with the 

small-strain shear modulus, the variation of shear modulus with shear strain 

(G/Gmax-log γ curves) in the field and in the laboratory was similar. 

5. Conclusion No. 4 is in agreement with the adjustment procedure that is often used 

in current practice to obtain the field G-log γ curve from the laboratory G-log 

γ curve. In practice, the laboratory determined G-log γ curve is scaled with field 

value of Gmax (determined from the small-strain Vs field) to obtain the field G - log 

γ curve (as illustrated in Figure 9.1a by 'Assumed Field Curve 1').  This 

adjustment is based on the assumption that the field and laboratory G/Gmax-log γ 

curves are the same (illustrated in Figure 9.1b by 'Assumed Field Curve 1').  

6. The field results obtained in this study contradict the second adjustment procedure 

that is sometimes used. In this second procedure to obtain the field G-log γ curve, 

the laboratory G-log γ  curve is scaled with the field Gmax and the value of  γr field is 

adjusted by scaling γr lab in proportion to the value of Vs field/Vs lab (illustrated in 

Figure 9.1a by 'Assumed Field Curve 2'). The adjustment to obtain γr field typically 

results in a field G/Gmax-log γ curve that is above the laboratory G/Gmax-log 

γ curve (illustrated in Figure 9.1b by 'Assumed Field Curve 2'). In this study, field 

measurements resulted in a G/Gmax-log γ curve which is slightly lower than that 

measured in the laboratory. This difference is thought to likely be due to a very 
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small amount of cementation that was disturbed by the sampling process and was 

irrecoverable.  
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Figure 9.1 Illustration of the approach in current practice for estimating the in situ 
shear modulus reduction curve from field seismic tests and nonlinear 
laboratory measurements: (a) G-log γ plot, and (b) G/Gmax-log γ plot.  
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9.3 RECOMMENDATIONS  

The work presented in this dissertation represents the initial study to develop a 

new field test method for measuring nonlinear soil properties. The data collected in the 

experimental work were extensive. The analytical procedure was rather simple and was 

based on an equivalent linear analysis of a cylindrical wavefield with no consideration of 

near-field effects. However, more sophisticated analytical work can (and should) be done. 

A nonlinear numerical model may better evaluate the nonlinear soil properties, including 

material damping in the soil.  An adequate analytical model can also be used to study 

some factors involved in the field tests, such as slight eccentric loading of the shaft, 

increased vertical stresses in the soil around the shaft due to the static and dynamic loads, 

and inhomogeneous soil properties.  

The following improvements in the test approach should be considered in future 

testing. A larger-diameter shaft or two shafts connected with a beam could be alternatives 

to avoid eccentric loading of the shaft especially at high load levels. A helical anchor or a 

steel pipe pile may be investigated as alternative cylindrical sources. The steel pipe pile 

should be installed by pushing while simultaneously removing soil within the pipe so a 

plug does not develop in the pile. The use of 3-D (or at least 2-D) sensors is needed to 

understand the characteristics of the wavefields that are generated. In this test set-up, 

removing the source from Thumper and attaching the vibrating plate of the source 

directly to the top of the shaft would eliminate the additional static loading of the shaft 

during dynamic staged loading and therefore might avoid the problems associated with 

the static forces.
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Appendix A 

A.1 SPECIFICATIONS AND CALIBRATION CURVES FOR 14-HZ GEOPHONES 

Specifications of 14-Hz geophones as supplied by the manufacturer (Geospace, 

Inc.) are given below. The geophones were adjusted for 50% damping by the 

manufacturer.  
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14-Hz geophones were also calibrated in the UT Soil Dynamics Laboratory using 

a 250-lb MBIS electromagnetic shaker. A Bently proximeter and a PCB accelerometer 

were used as references for frequencies ranging 0.5 Hz to 1000 Hz. Calibration curves are 

shown below. 
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Figure A.1 Frequency calibration curves for 14-Hz geophone: (a) amplitude response, 
and b) phase response. 
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Table A.1 Tabulated values of calibration curve for 14-Hz geophone (amplitude of 
frequency response) 

Frequency 
(Hz) 

Amplitude 
(V/in./sec) 

Frequency 
(Hz) 

Amplitude
(V/in./sec) 

Frequency 
(Hz) 

Amplitude 
(V/in./sec) 

1 0.004187 43 0.820179 84 0.779749 
2 0.016510 44 0.816934 85 0.779638 
3 0.033756 45 0.813922 86 0.779536 
4 0.059021 46 0.811129 87 0.779441 
5 0.094514 47 0.808543 88 0.779354 
6 0.141560 48 0.806152 89 0.779274 
7 0.200598 49 0.803942 90 0.779200 
8 0.271181 50 0.801903 91 0.779131 
9 0.351976 51 0.800021 92 0.779068 
10 0.440766 52 0.798287 93 0.779009 
11 0.534446 53 0.796689 94 0.778955 
12 0.629028 54 0.795218 95 0.778905 
13 0.719635 55 0.793863 96 0.778859 
14 0.800509 56 0.792617 97 0.778816 
15 0.865002 57 0.791471 98 0.778776 
16 0.905582 58 0.790416 99 0.778740 
17 0.922064 59 0.789447 100 0.778706 
18 0.927630 60 0.788556 105 0.778570 
19 0.930977 61 0.787737 110 0.778478 
20 0.932305 62 0.786984 115 0.778413 
21 0.931854 63 0.786293 120 0.778369 
22 0.929878 64 0.785657 125 0.778338 
23 0.926634 65 0.785072 130 0.778316 
24 0.922367 66 0.784535 135 0.778300 
25 0.917302 67 0.784042 140 0.778289 
26 0.911642 68 0.783588 145 0.778281 
27 0.905565 69 0.783171 150 0.778276 
28 0.899222 70 0.782788 155 0.778272 
29 0.892742 71 0.782435 160 0.778269 
30 0.886233 72 0.782111 165 0.778266 
31 0.879780 73 0.781813 170 0.778265 
32 0.873453 74 0.781539 175 0.778264 
33 0.867304 75 0.781286 180 0.778263 
34 0.861373 76 0.781054 185 0.778262 
35 0.855690 77 0.780840 190 0.778262 
36 0.850273 78 0.780643 195 0.778261 
37 0.845136 79 0.780462 200 0.778261 
38 0.840282 80 0.780295 205 0.778261 
40 0.831426 81 0.780142 210 0.778261 
41 0.827414 82 0.780000 215 to 1000 0.778260 
42 0.823669 83 0.779869   
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A.2 CALIBRATION CERTIFICATES OF LOAD CELLS 
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A.3 CALIBRATION CURVES OF LINEAR POTENTIOMETERS 

 
Figure A.2 Calibration curve for linear potentiometer No.1 (from Sheehan, 2005). 

 
Figure A.3 Calibration curve for linear potentiometer No.7 (from Sheehan, 2005). 
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Figure A.4 Calibration curve for linear potentiometer No.10 (from Sheehan, 2005). 
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A.4 SPECIFICATIONS FOR VIBROSEIS TRUCKS (MOBILE SHAKERS) 

Table A.2 Characteristics of the mobile shakers (from nees@UTexas website) 

Shaker  T-Rex  Thumper  

Vehicle Type  Buggy-mounted shaker, 
articulated body  Built on Ford F650 Truck  

Driving Speed  Hydraulic drive system (<15 
mph)  Highway Speeds  

Total Weight  29,030 kg (64,000 lb)  9980 kg (22,600 lb)  
Length  9.8 m (32 ft)  7.1 m (23 ft)  

Width  2.4 m (8 ft)  2.4 m (8 ft)  

Height  3.2m (10.5 ft)  2.4 m (8 ft)  
Hydraulic System Pressure  207 bar (3,000 psi)  476 bar (4000 psi)  

Vibrator Pump Flow  757 l/m (200 gpm)  151 l/m (40 gpm)  

Vibration Orientations  
(1) Vertical, (2) Horizontal in-
line, and (3) Horizontal cross-
line  

(1) Vertical, (2) Horizontal in-
line, and (3) Horizontal cross-
line  

Shaking Orientation 
Transformation  Push-button transformation of 

shaking orientation  
Field transformable in about 
four hours  

Maximum    
Output Force:  (1) 267 kN (60,000 lb)  (1) 26.7 kN (6000 lb)  
(1) Vertical, and  (2) 134 kN (30,000 lb)  (2) 26.7 kN (6000 lb)  
(2) Shear    
Base Plate Area  4.11 m2(44.2 ft2)  0.698 m2(7.50 ft2)  

Moving Mass: (1) Vertical, 
and (2) Shear  (1) 3,670 kg (8,100 lb) (2) 

2,200 kg (4,850 lb)  
(1) 311 lb (140 kg) (2) 311 lb 
(140 kg)  

Stroke (Peak to    
Peak):  (1) 8.9 cm (3.5 in.)  (1) 7.6 cm (3.0 in.)  
(1) Vertical, and  (2) 17.8 cm (7.0 in.)  (2) 7.6 cm (3.0 in.)  
(2) Shear    
Hydraulic Oil  Vegetable-based hydraulic oil  Vegetable-based hydraulic oil  

Special Features 

(1) Cone pushing capacity (2) 
Hydraulic pressure take-off (3) 
Variable vertical hold-down 
force (4) Must be transported 
by tractor-trailer rig (5) 
Remote triggering (6) 
Measuring ground force 

(1) Built for high-frequency 
output (above 200 Hz) (2) 
Built for use in urban 
environments (3) Can be 
driven on highways (4) 
Remote triggering (5) 
Measuring ground force 
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Figure A.5 Theoretical force output of T-Rex (from nees@UTexas website). 

 

Figure A.6 Theoretical force output of Thumper (from nees@UTexas website). 
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A.5 SPECIFICATIONS FOR VXI DATA ACQUISITION SYSTEM 

VXI Analyzer Specifications (from nees@UTexas website) 
• four of 16 channels cards with sampling rate up to 50 ksamples/s  

• one of 8 channels cards with sampling rate up to 200 ksamples/s  

• FireWire bus for data transfer  

• Data Physics software provides signal analyzer functions  

o Convenient interface for general use  

o Swept-sine and through-put options  

• 72 channels  

• Open Platform for communication (ActiveX)  

o Can be utilized by Labview, Matlab, or other programs via ActiveX 
controls  

o Enables remote control of its operation  

o Allows the data to be streamed to the connected PC or over a network  
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A.6 SPECIFICATIONS FOR AGILENT MODEL 33120A FUNCTION GENERATOR  
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Appendix B 
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Appendix C 

C.1 RESULTS FROM STAGE 2 TESTS (FEBRUARY 7, 2006) 

Results of Stage 2 tests (steady-state tests using Thumper as source) from sensor 

intervals G5-G6, G6-G7, G10-G11 and G11-G12 are shown in this section (see locations 

of these sensors in Figure 6.1). The field Vs-log γ, G-log γ, G/Gmax-log γ and Gmax, after high-

strain- log γ curves for each pair of sensors are presented. 

C.1.1 Sensors G5 and G6 (7 ft (2.1 m) deep, mid-distance between the sensors is 
22.06 in. (550 mm) away from the shaft) 

 
Figure C.1 Variation of shear wave velocity with shear strain between Sensors G5 and 

G6 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.2 Variation of shear modulus with shear strain between Sensors G5 and G6 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure C.3 Variation of normalized shear modulus with shear strain between Sensors 

G5 and G6 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.4 Change in small-strain shear modulus after high-strain tests between Sensors 

G5 and G6 evaluated from Stage 2 field tests using Shaft D. 

C.1.2 Sensors G6 and G7 (7 ft (2.1 m) deep, mid-distance between the sensors is 
32.19 in. (818 mm) away from the shaft) 

 
Figure C.5 Variation of shear wave velocity with shear strain between Sensors G6 and 

G7 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.6 Variation of shear modulus with shear strain between Sensors G6 and G7 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure C.7 Variation of normalized shear modulus with shear strain between Sensors 

G6 and G7 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.8 Change in small-strain shear modulus after high-strain tests between Sensors 

G6 and G7 evaluated from Stage 2 field tests using Shaft D. 

C.1.3 Sensors G10 and G11 (6 ft (1.8 m) deep, mid-distance between the sensors is 
22.22 in. (564 mm) away from the shaft) 

 
Figure C.9 Variation of shear wave velocity with shear strain between Sensors G10 and 

G11 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.10 Variation of shear modulus with shear strain between Sensors G10 and G11 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure C.11 Variation of normalized shear modulus with shear strain between Sensors 

G10 and G11 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.12 Change in small-strain shear modulus after high-strain tests between Sensors 

G10 and G11 evaluated from Stage 2 field tests using Shaft D. 

C.1.4 Sensors G11 and G12 (6 ft (1.8 m) deep, mid-distance between the sensors is 
32.44 in. (824 mm) away from the shaft) 

 
Figure C.13 Variation of shear wave velocity with shear strain between Sensors G11 and 

G12 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.14 Variation of shear modulus with shear strain between Sensors G11 and G12 

evaluated from Stage 2 field tests using Shaft D. 

 
Figure C.15 Variation of normalized shear modulus with shear strain between Sensors 

G11 and G12 evaluated from Stage 2 field tests using Shaft D. 
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Figure C.16 Change in small-strain shear modulus after high-strain tests between Sensors 

G11 and G12 evaluated from Stage 2 field tests using Shaft D. 

C.2 RESULTS FROM STAGE 3 FIELD TESTS (FEBRUARY 13, 2006) SUPERIMPOSED ON 
STAGE 2 FIELD TEST RESULTS (FEBRUARY 7, 2006) 

In this section, results of Stage 3 tests (steady-state tests using T-Rex as source, 

February 13, 2006) from sensor intervals G4-G5, G5-G6, G6-G7, G1-G8, G9-G10, G10-

G11 and G11-G12 are shown together with the results from Stage 2 tests that are 

presented in the previous section.  The field G-log γ, G/Gmax-log γ curves for each pair of 

sensors are presented. In Stage 3 tests, it was not possible to repeat small-strain 

measurements after each high strain tests as was done in Stage 2 tests. The reason is that 

T-Rex (the source in Stage 3 tests) cannot output small- amplitude excitation as Thumper 

(the source in Stage 2 tets). Therefore it was not possible to track Gmax during the Stage 3 

tests. The same Gmax value that was used for the Stage 2 tests were used for the 

calculation of G/Gmax-log γ data from the Stage 3 tests.  
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C.2.1 Sensors G4 and G5 (7 ft (2.1 m) deep, mid-distance between the sensors is 
13.44 in. (341 mm) away from the shaft) 

 
Figure C.17 Variation of shear modulus with shear strain between Sensors G4 and G5 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.18 Variation of normalized shear modulus with shear strain between Sensors 

G4 and G5 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.2.2 Sensors G5 and G6 (7 ft (2.1 m) deep, mid-distance between the sensors is 
22.06 in. (550 mm) away from the shaft) 

 
Figure C.19 Variation of shear modulus with shear strain between Sensors G5 and G6 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.20 Variation of normalized shear modulus with shear strain between Sensors 

G5 and G6 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.2.3 Sensors G6 and G7 (7 ft (2.1 m) deep, mid-distance between the sensors is 
32.19 in. (818 mm) away from the shaft) 

 
Figure C.21 Variation of shear modulus with shear strain between Sensors G6 and G7 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.22 Variation of normalized shear modulus with shear strain between Sensors 

G6 and G7 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.2.4 Sensors G1 and G8 (7 ft (2.1 m) deep, mid-distance between the sensors is 
2.634 in. (67 mm) away from the shaft) 

 
Figure C.23 Variation of shear modulus with shear strain between Sensors G1 and G8 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.24 Variation of normalized shear modulus with shear strain between Sensors 

G1 and G8 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.2.5 Sensors G9 and G10 (7 ft (2.1 m) deep, mid-distance between the sensors is 
13.19 in. (335 mm) away from the shaft) 

 
Figure C.25 Variation of shear modulus with shear strain between Sensors G9 and G10 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.26 Variation of normalized shear modulus with shear strain between Sensors 

G9 and G10 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.2.6 Sensors G10 and G11 (6 ft (1.8 m) deep, mid-distance between the sensors is 
22.22 in. (564 mm) away from the shaft) 

 
Figure C.27 Variation of shear modulus with shear strain between Sensors G10 and G11 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.28 Variation of normalized shear modulus with shear strain between Sensors 

G10 and G11 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 



 445

C.2.7 Sensors G11 and G12 (6 ft (1.8 m) deep, mid-distance between the sensors is 
32.44 in. (824 mm) away from the shaft) 

 
Figure C.29 Variation of shear modulus with shear strain between Sensors G11 and G12 

evaluated from Stage 2 and Stage 3 field tests using Shaft D. 

 
Figure C.30 Variation of normalized shear modulus with shear strain between Sensors 

G11 and G12 evaluated from Stage 2 and Stage 3 field tests using Shaft D. 
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C.3 RESULTS FROM REPETITION OF STAGE 2 FIELD TESTS AFTER STAGE 3 TESTS 
(MARCH 10, 2006)  

Stage 2 tests (Thumper as source) were repeated on March 10, 2006 after the 

completion of the Stage 3 tests. The G-log γ and G/Gmax-log γ curves measured in these 

repetition tests are presented in this section. The figures also include curves from the 

initial Stage 2 to allow for comparison. In all figures, solid symbols represent the initial 

Stage 2 tests that were performed on February 7, 2006. The results from repetition of 

Stage 2 tests on March 10, 2006 (after Stage 3 tests completed) are represented with 

hollow symbols. Small-strain tests after larger strain tests were not repeated in these tests. 

Therefore, change in Gmax during the tests is not known. 

C.3.1 Sensors G4 and G5 (7 ft (2.1 m) deep, mid-distance between the sensors is 
13.44 in. (341 mm) away from the shaft) 

 
Figure C.31 Variation of shear modulus with shear strain between Sensors G4 and G5 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.32 Variation of normalized shear modulus with shear strain between Sensors 

G4 and G5 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

C.3.2 Sensors G5 and G6 (7 ft (2.1 m) deep, mid-distance between the sensors is 
22.06 in. (550 mm) away from the shaft) 

 
Figure C.33 Variation of shear modulus with shear strain between Sensors G5 and G6 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.34 Variation of normalized shear modulus with shear strain between Sensors 

G5 and G6 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

C.3.3 Sensors G6 and G7 (7 ft (2.1 m) deep, mid-distance between the sensors is 
32.19 in. (818 mm) away from the shaft) 

 
Figure C.35 Variation of shear modulus with shear strain between Sensors G6 and G7 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.36 Variation of normalized shear modulus with shear strain between Sensors 

G6 and G7 evaluated from repetition of Stage 2 field tests after Stage 3 tests 
using Shaft D. 

C.3.4 Sensors G9 and G10 (7 ft (2.1 m) deep, mid-distance between the sensors is 
13.19 in. (335 mm) away from the shaft) 

 
Figure C.37 Variation of shear modulus with shear strain between Sensors G9 and G10 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.38 Variation of normalized shear modulus with shear strain between Sensors 

G9 and G10 evaluated from repetition of Stage 2 field tests after Stage 3 
tests using Shaft D. 

C.3.5 Sensors G10 and G11 (6 ft (1.8 m) deep, mid-distance between the sensors is 
22.22 in. (564 mm) away from the shaft) 

 
Figure C.39 Variation of shear modulus with shear strain between Sensors G10 and G11 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.40 Variation of normalized shear modulus with shear strain between Sensors 

G10 and G11 evaluated from repetition of Stage 2 field tests after Stage 3 
tests using Shaft D. 

C.3.6 Sensors G11 and G12 (6 ft (1.8 m) deep, mid-distance between the sensors is 
32.44 in. (824 mm) away from the shaft) 

 
Figure C.41 Variation of shear modulus with shear strain between Sensors G11 and G12 

evaluated from repetition of Stage 2 field tests after Stage 3 tests using Shaft 
D. 
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Figure C.42 Variation of normalized shear modulus with shear strain between Sensors 
G11 and G12 evaluated from repetition of Stage 2 field tests after Stage 3 
tests using Shaft D. 
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Appendix D 

D.1 RESULTS FROM STAGE 2 TESTS (OCTOBER 27, 2005, TYPE A AND TYPE B 
SENSORS) 

Results from Stage 2 tests (steady-state tests using Thumper as source, performed 

on October 27, 2005) for sensor intervals B4-B5, B5-B6, G2-B7, B7-B8, B8-B9, B9-B10 

G2-A6,  A6-A7, and A7-A8 are shown in this section (see locations of these sensors in 

Figure 8.7). The sensors A3, A4, A5, A6, A7 and A8 are Type A sensors. B5, B6, B7, 

B8, B9 and B10 are Type B sensors. Sensor G2 is in the concrete. The field Vs-log γ, G-

log γ, G/Gmax-log γ and Gmax, after high-strain- log γ curves for each pair of sensors are 

presented below. 

D.1.1 Sensors B4 and B5 (4 ft (1.2 m) deep, mid-distance between the sensors is 
13.88 in. (353 mm) away from the shaft) 

 
Figure D.1 Variation of shear wave velocity with shear strain between Sensors B4 and 

B5 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.2 Variation of shear modulus with shear strain between Sensors B4 and B5 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 

 
Figure D.3 Variation of normalized shear modulus with shear strain between Sensors 

B4 and B5 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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Figure D.4 Change in small-strain shear modulus after high-strain tests between Sensors 

B4 and B5 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

D.1.2 Sensors B5 and B6 (4 ft (1.2 m) deep, mid-distance between the sensors is 
19.88 in. (505 mm) away from the shaft) 

 
Figure D.5 Variation of shear wave velocity with shear strain between Sensors B5 and 

B6 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.6 Variation of shear modulus with shear strain between Sensors B5 and B6 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.7 Variation of normalized shear modulus with shear strain between Sensors 

B5 and B6 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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Figure D.8 Change in small-strain shear modulus after high-strain tests between Sensors 

B5 and B6 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

D.1.3 Sensors G2 and B7 (3 ft (0.9 m) deep, mid-distance between the sensors is 2.31 
in. (59 mm) away from the shaft) 

 
Figure D.9 Variation of shear wave velocity with shear strain between Sensors G2 and 

B7 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.10 Variation of shear modulus with shear strain between Sensors G2 and B7 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.11 Variation of normalized shear modulus with shear strain between Sensors 

G2 and B7 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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Figure D.12 Change in small-strain shear modulus after high-strain tests between Sensors 

G2 and B7 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.4 Sensors B7 and B8 (3 ft (0.9 m) deep, mid-distance between the sensors is 7.50 
in. (191 mm) away from the shaft) 

 
Figure D.13 Variation of shear wave velocity with shear strain between Sensors B7 and 

B8 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.14 Variation of shear modulus with shear strain between Sensors B7 and B8 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.15 Variation of normalized shear modulus with shear strain between Sensors 

B7 and B8 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.16 Change in small-strain shear modulus after high-strain tests between Sensors 

B7 and B8 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 



 462

D.1.5 Sensors B8 and B9 (3 ft (0.9 m) deep, mid-distance between the sensors is 
13.75 in. (349 mm) away from the shaft) 

 
Figure D.17 Variation of shear wave velocity with shear strain between Sensors B8 and 

B9 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.18 Variation of shear modulus with shear strain between Sensors B8 and B9 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.19 Variation of normalized shear modulus with shear strain between Sensors 

B8 and B9 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.20 Change in small-strain shear modulus after high-strain tests between Sensors 

B8 and B9 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.6 Sensors B9 and B10 (3 ft (0.9 m) deep, mid-distance between the sensors is 
20.13 in. (511 mm) away from the shaft) 

 
Figure D.21 Variation of shear wave velocity with shear strain between Sensors B9 and 

B10 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.22 Variation of shear modulus with shear strain between Sensors B9 and B10 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.23 Variation of normalized shear modulus with shear strain between Sensors 

B9 and B10 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.24 Change in small-strain shear modulus after high-strain tests between Sensors 

B9 and B10 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.7 Sensors G2 and A3 (4 ft (1.2 m) deep, mid-distance between the sensors is 2.31 
in. (64 mm) away from the shaft) 

 
Figure D.25 Variation of shear wave velocity with shear strain between Sensors G2 and 

A3 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.26 Variation of shear modulus with shear strain between Sensors G2 and A3 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.27 Variation of normalized shear modulus with shear strain between Sensors 

G2 and A3 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.28 Change in small-strain shear modulus after high-strain tests between Sensors 

G2 and A3 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.8 Sensors A4 and A5 (4 ft (1.2 m) deep, mid-distance between the sensors is 
13.25 in. (337 mm) away from the shaft) 

 
Figure D.29 Variation of shear wave velocity with shear strain between Sensors A4 and 

A5 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.30 Variation of shear modulus with shear strain between Sensors A4 and A5 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.31 Variation of normalized shear modulus with shear strain between Sensors 

A4 and A5 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.32 Change in small-strain shear modulus after high-strain tests between Sensors 

A4 and A5 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.9 Sensors G2 and A6 (3 ft (0.9 m) deep, mid-distance between the sensors is 1.81 
in. (46 mm) away from the shaft) 

 
Figure D.33 Variation of shear wave velocity with shear strain between Sensors G2 and 

A6 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.34 Variation of shear modulus with shear strain between Sensors G2 and A6 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.35 Variation of normalized shear modulus with shear strain between Sensors 

G2 and A6 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.36 Change in small-strain shear modulus after high-strain tests between Sensors 

G2 and A6 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.10 Sensors A6 and A7 (3 ft (1.2 m) deep, mid-distance between the sensors is 
6.69 in. (170 mm) away from the shaft) 

 
Figure D.37 Variation of shear wave velocity with shear strain between Sensors A6 and 

A7 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.38 Variation of shear modulus with shear strain between Sensors A6 and A7 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.39 Variation of normalized shear modulus with shear strain between Sensors 

A6 and A7 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.40 Change in small-strain shear modulus after high-strain tests between Sensors 

A6 and A7 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.1.11 Sensors A7 and A8 (3 ft (1.2 m) deep, mid-distance between the sensors is 
11.94 in. (303 mm) away from the shaft) 

 
Figure D.41 Variation of shear wave velocity with shear strain between Sensors A7 and 

A8 evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 

 
Figure D.42 Variation of shear modulus with shear strain between Sensors A7 and A8 

evaluated from Stage 2 field tests using Shaft A, October 27, 2005. 
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Figure D.43 Variation of normalized shear modulus with shear strain between Sensors 

A7 and A8 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 

 
Figure D.44 Change in small-strain shear modulus after high-strain tests between Sensors 

A7 and A8 evaluated from Stage 2 field tests using Shaft A, October 27, 
2005. 
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D.2 RESULTS FROM REPETITION OF STAGE 2 TESTS (DECEMBER 12, 2005, TYPE B 
SENSORS) 

Stage 2 tests (Thumper as source) were repeated on December 12, 2006. In these 

tests only Type B sensors were recorded. The Vs-log γ, G-log γ and G/Gmax-log γ curves 

measured from sensor intervals B4-B5, B5-B6 are shown in this section Measurements 

from sensor intervals at a depth of 3 ft (0.9 m) showed significant scatter and not 

presented here. The figures presented in this section, also include curves from the Stage 2 

tests from October 2005 to allow for comparison. In all figures, solid symbols represent 

the Stage 2 tests that were performed on October 27, 2005. The repetition of Stage 2 tests 

on December 12, 2005 are represented with hollow symbols. Small-strain tests after 

larger strain tests were not repeated in these tests. Therefore, change in Gmax during the 

tests is not known.  

D.2.1 Sensors B4 and B5 (4 ft (1.2 m) deep, mid-distance between the sensors is 
13.88 in. (353 mm) away from the shaft) 

 
Figure D.45 Comparison of variation of shear modulus with shear strain between Sensors 

B4 and B5 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 
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Figure D.46 Comparison of variation of shear modulus with shear strain between Sensors 

B4 and B5 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 

 
Figure D.47 Variation of normalized shear modulus with shear strain between Sensors 

B4 and B5 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 
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D.2.2 Sensors B5 and B6 (4 ft (1.2 m) deep, mid-distance between the sensors is 
19.88 in. (505 mm) away from the shaft)  

 
Figure D.48 Comparison of variation of shear wave velocity with shear strain between 

Sensors B5 and B6 evaluated from Stage 2 field tests performed on 
December 12, 2005 with those performed on October 27, 2005 

 
Figure D.49 Comparison of variation of shear modulus with shear strain between Sensors 

B5 and B6 evaluated from Stage 2 field tests performed on December 12, 
2005 with those performed on October 27, 2005. 
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Figure D.50 Comparison of variation of normalized shear modulus with shear strain 

between Sensors B5 and B6 evaluated from Stage 2 field tests performed on 
December 12, 2005 with those performed on October 27, 2005. 

D.3 FIELD MEASUREMENTS FROM STAGE 3 TESTS ON FEBRUARY 9, 2006 

Stage 3 tests (using T-Rex as source) were performed after the repetition of Stage 

2 tests. The measurements show unreasonable scatter. The G- log γ data for sensor 

intervals G2-B3 and B3-B4 are given in this section. The rest of the sensors yielded 

similar results as seen for sensor interval B3-B4.  
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Figure D.51 Variation of shear modulus with shear strain between Sensors G2 and B3 

evaluated from Stage 3 field tests performed on February 9, 2005 
(measurements from repetition of Stage 2 tests from December 12, 2005 are 
also shown). 
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Figure D.52 Variation of shear modulus with shear strain between Sensors B3 and B4 

evaluated from Stage 3 field tests performed on February 9, 2005 
(measurements from repetition of Stage 2 tests from December 12, 2005 are 
also shown). 
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Appendix E 

clear all, close all, clc 
  
load DPsv23; 
calibcons = 0.793863; %(f=55 Hz) 
n = length(X65(:,1)); 
  
 %raw data 
t = X65(:,1); 
dt = t(2)-t(1); 
  
S1 = X65(:,2);  
S3 = X67(:,2); 
S4 = X68(:,2); 
S5 = X69(:,2); 
  
%velocity-time  inc/sec-sec 
[F1, freq] = fftabs(S1,dt,0); 
[F3, freq] = fftabs(S3,dt,0); 
[F4, freq] = fftabs(S4,dt,0); 
[F5, freq] = fftabs(S5,dt,0); 
  
V1 = S1./calibcons;  
V3 = S3./calibcons;  
V4 = S4./calibcons;  
V5 = S5./calibcons;  
  
Y1 = detrend(V1);MaxY1=(max(Y1)-min(Y1))/2; 
Y3 = detrend(V3);MaxY3=(max(Y3)-min(Y3))/2; 
Y4 = detrend(V4);MaxY4=(max(Y4)-min(Y4))/2; 
Y5 = detrend(V5);MaxY5=(max(Y5)-min(Y5))/2; 
  
AllMaxY= [MaxY1;MaxY3;MaxY4;MaxY5]; 
      
%dis-time  inc-sec 
D1 =cumtrapz(t,Y1);MaxD1=(max(D1)-min(D1))/2; 
D3 =cumtrapz(t,Y3);MaxD3=(max(D3)-min(D3))/2; 
D4 =cumtrapz(t,Y4);MaxD4=(max(D4)-min(D4))/2; 
D5 =cumtrapz(t,Y5);MaxD5=(max(D5)-min(D5))/2; 
  
AllMaxD= [MaxD1;MaxD3;MaxD4;MaxD5]; 
  
AllDY= [AllMaxY AllMaxD]; 
  
%strain 
d13 = 5.63;%inch 
d34 = 5.00; %inch 
d45 = 5.63; %inch 
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gamma13 = abs(MaxD1 - MaxD3)/d13*100; %percent 
gamma34 = abs(MaxD4-MaxD3)/d34*100; %percent 
gamma45 = abs(MaxD5- MaxD4)/d45*100; %percent 
  
Allstrain =[gamma13;  gamma34; gamma45] ; 
  
  
%portion of record  
ncyc=14; 
Freq = 55; 
pcyc=int32(1/(dt*Freq)); 
  
ts2=0.01; 
ts3=0.01; 
ts4=0.01; 
ts5=0.01; 
ts1=0.01; 
  
its2=int32((-t(1)+ts2)/dt); 
its3=int32((-t(1)+ts3)/dt); 
its4=int32((-t(1)+ts4)/dt); 
its5=int32((-t(1)+ts5)/dt); 
  
its1=int32((-t(1)+ts1)/dt); 
  
bp1=its1; 
ep1=its1+(ncyc)*pcyc; 
bp3=its3; 
ep3=its3+(ncyc)*pcyc; 
bp4=its4; 
ep4=its4+(ncyc)*pcyc; 
bp5=its5; 
ep5=its5+(ncyc)*pcyc; 
  
Z1=Y1./MaxY1; 
Z3=Y3./MaxY3; 
Z4=Y4./MaxY4; 
Z5=Y5./MaxY5; 
  
figure(1) 
plot(t,Z1), hold on, hold on,plot(t,Z3), hold on,plot(t,Z4), 
hold on,plot(t,Z5), hold on, 
  
PZ1=Z1(bp1:ep1); 
PZ3=Z3(bp3:ep3); 
PZ4=Z4(bp4:ep4); 
PZ5=Z5(bp5:ep5); 
  
PT1=t(bp1:ep1); 
PT3=t(bp3:ep3); 



 484

PT4=t(bp4:ep4); 
PT5=t(bp5:ep5); 
   
figure(2) 
plot(PT1,PZ1,'c'), hold on,plot(PT3,PZ3,'r'), hold on,plot(PT4,PZ4,'g'), 
hold on,plot(PT5,PZ5,'k') 
   
%curve fit 
xdata1= PT1; 
xdata3= PT3; 
xdata4= PT4; 
xdata5= PT5; 
  
ydata1= PZ1; 
ydata3= PZ3; 
ydata4= PZ4; 
ydata5= PZ5; 
  
[estimates1, model1] =fitcurvedemo(xdata1,ydata1); 
[estimates3, model3] =fitcurvedemo(xdata3,ydata3); 
[estimates4, model4] =fitcurvedemo(xdata4,ydata4); 
[estimates5, model5] =fitcurvedemo(xdata5,ydata5); 
  
[sse,FittedCurve1] =model1(estimates1); 
[sse,FittedCurve3] =model3(estimates3); 
[sse,FittedCurve4] =model4(estimates4); 
[sse,FittedCurve5] =model5(estimates5); 
  
bp=1; 
ep=pcyc; 
  
[Maxyfittedcurve1, Maxyfittedcurve1ii] = max(FittedCurve1(bp:ep)); 
[Maxyfittedcurve3, Maxyfittedcurve3ii] = max(FittedCurve3(bp:ep)); 
[Maxyfittedcurve4, Maxyfittedcurve4ii] = max(FittedCurve4(bp:ep)); 
[Maxyfittedcurve5, Maxyfittedcurve5ii] = max(FittedCurve5(bp:ep)); 
  
figure(3) 
plot(xdata1(bp:ep),FittedCurve1(bp:ep),'c'), hold on, 
plot(xdata3(bp:ep),FittedCurve3(bp:ep),'r'), hold on,plot(xdata4(bp:ep),FittedCurve4(bp:ep),'g'), 
hold on,plot(xdata5(bp:ep),FittedCurve5(bp:ep),'k') 
  
maxt1= xdata1(Maxyfittedcurve1ii); 
maxt3= xdata3(Maxyfittedcurve3ii); 
maxt4= xdata4(Maxyfittedcurve4ii); 
maxt5= xdata5(Maxyfittedcurve5ii); 
  
ALLmaxt = [maxt1; maxt3; maxt4;maxt5;]; 
    
figure(4) 
subplot(3,2,1), plot(xdata1, ydata1),hold on 
subplot(3,2,2),plot(xdata3, ydata3), hold on, 
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subplot(3,2,3),plot(xdata4, ydata4),hold on, 
subplot(3,2,4),plot(xdata5, ydata5), hold on, 
  
subplot(3,2,1),plot(xdata1, FittedCurve1,'r'), 
subplot(3,2,2),plot(xdata3, FittedCurve3,'r'), 
subplot(3,2,3),plot(xdata4, FittedCurve4,'r'), 
subplot(3,2,4),plot(xdata5, FittedCurve5,'r'), 
  
x13= -25.9;    %in 
Vc=12800; %fps 
aa=x13/12/Vc;  %sec 
  
int13 = (maxt3 - maxt1)-aa; %sec 
int34= maxt4- maxt3; %sec 
int45 = maxt5 - maxt4; %sec 
  
ALLint = [int13; int34; int45 ]; 
  
Vs13 = d13/12/int13; %sec 
Vs34= d34/12/int34; %sec 
Vs45 = d45/12/int45; %sec 
  
ALLVs = [Vs13; Vs34; Vs45 ]; 
 
fitcurvedemo 
function [estimates, model] = fitcurvedemo(xdata, ydata); 
% Call fminsearch with a random starting point. 
start_point = [0,1,350,0]; 
model = @sinfun; 
options=optimset('MaxFunEvals',1e10000000,'MaxIter',1e10000000 ); 
estimates = fminsearch(model, start_point,options); 
  
    function [sse, FittedCurve] = sinfun(params); 
        y0 = params(1); 
        A = params(2); 
        f = params(3); 
        phi = params(4); 
                 
        FittedCurve = y0 + A.*sin(f *xdata + phi); 
        ErrorVector = FittedCurve - ydata; 
        sse = sum(ErrorVector .^ 2); 
    end 
end 
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