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A B S T R A C T   

Detailed information of soil/rock variability and properties for the entire volume of supporting materials is 
crucial for the successful design and construction of deep foundations. Traditional invasive testing methods such 
as the standard penetration test (SPT) and the cone penetrometer test (CPT) only sample a small volume of soil/ 
rock properties near the device’s tip. Surface-based seismic methods can provide overall subsurface conditions 
but are limited to shallow depths due to the dominancy of surface waves. To address this issue, we present a 
novel SPT-seismic testing method for deep site characterization. Seismic wavefields generated by SPT blows at 
various depths are recorded by a 2D grid of geophones on the ground surface, and analyzed by a 3D full- 
waveform inversion (3D FWI) to extract subsurface material properties. Unlike surface-based wavefields domi
nated by surface waves propagating near the ground surface, the SPT-seismic wavefields are rich in body waves 
propagating from great depths that allow extracting detailed material properties at depths. The method is tested 
on in-depth source synthetic data and SPT-source field data. The results of the synthetic experiment indicate that 
the method successfully images soil layering with a buried anomaly. Field experiment results provide new in
sights into its utility as a viable geophysical tool for deep site characterization. 3D subsurface S-wave and P-wave 
velocities within 9 m around the SPT boring are well characterized, including two deep voids at 14–18 m depth. 
Comparison with the surface-based 3D FWI method proves the superiority of the presented method in imaging 
deep structures. S-wave velocity values of the final inverted result are also compared with SPT N-values and a 
good overall agreement over the whole depth is observed.   

1. Introduction 

Foundations beneath any structure may exist near the surface (i.e. 
shallow foundation) to over 50 m (e.g. deep foundation) depending on 
the magnitude of the loads and soil/rock conditions at the site. For 
instance, with limited right of way, large loads, vibration concerns, high 
water and loose sand over rock, drilled shafts or auger cast piles may be 
the foundation of choice. One of the challenges in the design and con
struction of deep foundations is the lack of certainty in the underlying 
soil/rock conditions. Traditional invasive testing methods such as SPT 
and CPT are regularly used as part of the geotechnical site investigation. 
In the case of weathered or competent rock, SPT and core drilling are 
employed. However, they are very limited in quantity of material tested 
compared to size of foundation elements within a pile cap or bent. 

Surface-based geophysical tests can provide overall subsurface 

conditions and are a good supplement to the invasive methods. For 
example, 3D seismic waveform tomography methods [1–3] can be a 
powerful tool in visualizing subsurface features. However, detection of 
voids buried in bedrock with surface-based methods is limited by the 
void size and location, since only a small portion of the surface energy 
passes into the rock. 

Crosshole and downhole seismic methods are commonly used in 
exploration geophysics and mining industry to characterize properties of 
the subsurface soil and rock [4,5]. They rely on placing either the source 
or receiver in the ground using a single (downhole) or multiple (cross
hole) boreholes. This allows for the utilization of trans
mission/diffraction data as compared to only reflection/refraction data 
commonly encountered in surface-based surveys. Taking both the source 
and receiver array below the ground surface can also reduce high fre
quency attenuations allowing smaller earth structures to be 
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length � width) with a grid spacing of 0.6 � 0.75 � 0.75 m (depth �
length � width) was used for the analysis. The grid spacing was chosen 
to facilitate source and receiver placement in the numerical grid. A 
smaller grid spacing was used with depth to provide more flexibility 
when assigning actual SPT-source locations. 

For the synthetic experiment, a challenging velocity model repre
senting a variable subsurface profile with Vs of 200 m/s for the top layer 
and 400 m/s for the lower half space, with twice Vs for the Vp profile 
was used as the true model (Fig. 2a). Furthermore, a buried void of 3 �
3.75 � 3.75 m (depth � length � width) was placed at 15 m depth and 
1.0 m away from the source line (or SPT borehole location). It was 

placed to simulate a deep void that would not be found with the single 
SPT borehole. The void was assumed to be filled with air with Vs of 0 m/ 
s and Vp of 300 m/s. A mass density of 1800 kg/m3 is assumed for the 
whole medium, as a typical value for general soils. The true model was 
then used as the input in the elastic forward solver based on Eqs (1)–(3) 
to generate waveform data, using the in-depth source configuration 
shown in Fig. 1a. Ricker wavelet source signals of the central frequencies 
of 20 Hz and 30 Hz were then used in the forward simulation to generate 
two waveform datasets. The generated datasets were then treated as if 
they came from a field experiment and analyzed by the 3D GN-FWI. This 
known velocity profile provides a benchmark to compare with the 

Fig. 1. Synthetic test configuration of the in-depth source geometry (a), and surface-based geometry (b).  
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Fig. 2. Synthetic experiment: velocity distribution of Vs and Vp (m/s) for the true model (a), initial model (b) and the final inverted results for the in-depth source 
data (c) and the surface-based data (d). 
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inverted results and identifies the expected resolution of the actual field 
experiment. 

A linearly increasing velocity model of 200 m/s at the ground surface 
to 400 m/s at the half space for the Vs and twice of that for the Vp was 
used as the initial model (Fig. 2b). This initial model can be obtained 
from a spectral analysis of measured data as discussed in the field 
experiment later. Two inversions were conducted in the order of 

increasing frequency data. The first inversion began with the initial 
model (Fig. 2b), using the 20 Hz source dataset filtered through 10–30 
Hz bandpass algorithm. The second inversion ran with the 30 Hz source 
data filtered through 10–40 Hz bandpass, using the result of the first 
inversion as the input velocity model. Both inversions ran for a preset 
number of iterations (100) and took a total of about 30 h on a work
station computer with 36 cores of 3.2 GHz, and 300 GB of RAM. 

Fig. 3. Synthetic experiment: normalized least squares error for the synthetic experiment with the in-depth source.  

Fig. 4. Synthetic experiment: waveform comparison for a sample shot between the observed data from the true model and estimated data associated with a) the 
initial model and b) the final inverted result at iteration 200. 
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Shown in Fig. 3 is the variation of the normalized least squares error 
with iterations for both stages of frequency inversion. The error 
decreased continuously during the first stage from 1.0 at the start of the 
10–30 Hz frequency stage to about 0.01 at the end of 100 iterations. 
Adding the second stage high frequency data of 10–40 Hz created a 
sharp increase in the least square error. This is due to the velocity profile 
was not yet ready to propagate the higher frequency data, and hence 
produced large mismatch in the waveforms. The inversion algorithm 
was subsequently able to reduce the mismatch and reduced the error to 
less than 0.01 at the end of the second stage - additional 100 iterations. 
Shown in Fig. 4 is the waveform comparison between the observed data 
from the true model and estimated data associated with the initial model 
(Fig. 4a) and the final inverted model at iteration 200 (Fig. 4b). The 
waveform match improved substantially during inversion. Phase and 
amplitudes are matched perfectly at the end, indicating the success of 
the inversion algorithm that vectored towards the global minimum. 

Shown in Fig. 2c is the final inverted result for the in-depth source 
data. Both Vs and Vp profiles are well characterized. The existence of 

two separate layers is clearly observed, and the variable layer interface 
is well imaged. More importantly, the location and overall shape of the 
deep void is successfully identified. This synthetic result shows a great 
potential of using the in-depth source data (e.g. generated by a SPT-drill 
rod and spoon) for characterization of materials around the SPT boring 
and offline anomalies/voids. 

3.2. Surface-based data 

To assess the superiority of the in-depth SPT source approach, a 3D 
FWI analysis of surface-based data was also conducted. The surface- 
based data were generated on the same true model (Fig. 2a). Both 
sources and receivers were however located on the free surface, in 2D 
uniform grids of 7� 7 and 6� 6, respectively, at 3 m spacing (Fig. 1b). 
The surface-based data were analyzed by the 3D GN FWI in the same 
manner as the in-depth source data. Again, two inversions were con
ducted for the data at two frequency bandwidths of 10–30 Hz and 10–40 
Hz, using the same initial model (Fig. 2b). Both inversions stopped at 

Fig. 5. Synthetic experiment: 3D rendering of the true model using Vs (m/s) (a), initial model (b), the inverted results of the in-depth source (c) and surface-based 
data (d). 
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100 iterations and took a total of about 38 h on the same workstation 
computer. 

Shown in Fig. 2d is the final inverted result for the surface-based 
data. The two layers and the layer interface are well imaged. Howev
er, there is no indication of the void in the inverted result. This suggests 
that the surface-based data did not contain enough information of the 
void in the recorded waveforms. This is due to the deep void being 
buried at 15 m depth (4 void diameters) with limited test area on the 
surface (18 by 18 m). The large reflections at the layer boundary of high 
velocity contrast (i.e. larger impedance) as well as dominated Rayleigh 
waves in the surface-based data overwhelmed reflections (if any) from 
the void. The comparison of inverted results in Fig. 2c and d clearly 
shows the superiority of the in-depth source data in recovering the deep 
void. 

For better viewing, shown in Fig. 5a to d are 3D renderings of the true 
model, the initial model, the inverted result of the in-depth source data, 
and the inverted result of the surface-based data, respectively. These 
renderings are created by passing 2D transects through all the grid 
points and setting the transparency level to the various velocity scales. 
This allows for a quick inspection of the entire model space and is a good 
indicator of the performance of the 3D GN-FWI method. Again, both test 
methods successfully characterized the layer interface. However, the 
surface-based method failed to identify the existence of the void. On the 
other hand, the in-depth source method has successfully identified the 
void and characterized its position and overall shape. 

4. Field experiment 

The in-depth SPT source waveform method was subsequently tested 
with field data gathered at a site in Newberry, Florida. For the field 
experiment, 36 4.5-Hz vertical geophones covering a 6 � 6 grid of 3 m 
spacing were placed on the ground surface (Fig. 6a). The Florida 
Department of Transportation (FDOT) State Material Office’s CME 75 
SPT rig was used for the in-depth seismic source. An automatic SPT 
hammer, 63.5 kg (140 lb) was dropped from a height of 760 mm (30 
inch) to generate seismic wavefields at each source location with depth 
(Fig. 6b). To record the seismic data, a seismic trigger was mounted on 
the SPT rod to activate the seismograph. Seismic wavefields from 16 SPT 
blows were recorded, together with the 16 depths of the SPT spoon as 
source locations (Fig. 6a). As the source locations were dictated by the 

advancement of the SPT spoon, they are not located uniformly with 
depth. 

In addition, for comparison purpose, standard surface-based testing 
was also conducted with 49 source locations covering a 7� 7 grid at 3 m 
spacing on the ground surface, like that of the synthetic experiment 
(Fig. 1b). A propelled energy generator with 40 kg dropped weight (PEG, 
40 kg) was used as the source of the seismic waves on the ground sur
face. The same 36 geophones on the 6 � 6 grid of 3 m spacing were used 
to record surface-based data. 

To get a suitable initial model for waveform analysis, a spectral 
analysis of surface waves was performed using a line of six geophones on 
the ground surface (Fig. 7). The results suggested a Rayleigh wave ve
locity of about 200–350 at the frequency spectrum of 10–30 Hz. A lin
early increasing initial velocity model was developed with Vs of 200 m/s 
at the surface to 350 m/s for the underlying half space of the analyzed 
medium (Fig. 8a left). Vp was determined from Vs and an assumed 
Poisson’s ratio of 0.3 to be almost two times that of Vs (Fig. 8a right). A 
mass density of 1800 kg/m3 was assumed as the characteristic density 
for general soil/rock and was kept constant throughout the analysis. It is 

Fig. 6. Field test configuration (a) and SPT rig testing pictures (b). The SPT-source locations are not uniform (different to the synthetic experiment shown in Fig. 1), 
as the source locations are controlled by the advancement of SPT spoon during field experiment. 

Fig. 7. Spectral analysis of the surface field data of one line of receivers.  
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noted that waveforms are not very sensitive to the mass density, which 
does not need to be exactly determined for the inversion analysis. 

4.1. SPT-source data analyses 

Similar to the synthetic experiment, a medium of 20.4 � 18 � 18 m 
(depth � length � width) with a grid spacing of 0.6 � 0.75 � 0.75 m 
(depth � length �width) was used for the analyses (Fig. 6a). The source 
locations (actual depths of SPT spoon) were rounded to the nearest grid 

points based on the vertical grid spacing of 0.6 m used in the numerical 
analyses. The measured field data of the SPT source were filtered 
through two frequency bandpasses: 10–30 Hz and 10–40 Hz, and used in 
separate 100 iteration inversions. 

To account for attenuation damping of the field data, the estimated 
data generated from the elastic forward solver were adjusted by an offset 
dependent correction factor in the form of yðrÞ ¼ Arα, where r is the 
source-receiver distance. Parameters A and α were determined through 
an iterative inversion process to minimize the energy of the waveform 

Fig. 8. Field experiment: distribution of Vs and Vp for the initial model (a), the inverted result for SPT source data (b), and the inverted result for surface-based 
data (c). 
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residuals. These parameters were determined at the beginning of each 
inversion run and kept constant for each run. The correction factor y(r) 
is mostly accounted for material damping. The geometrical damping of 
the wavefield is already accounted for in the 3D forward simulation. 

The first inversion started with the initial model (Fig. 8a), using the 
filtered data of 10–30 Hz. The second inversion continued with the 
result of the first inversion as the input velocity model, using the filtered 
data of 10–40 Hz. Both inversions ran for the preset number of 100 it
erations. The error reduced continuously from a normalized value of 1.0 
at the start of the inversion process to 0.63 at the end of the first 

inversion stage (100 iterations), to a value of 0.58 at the end of the 
second stage at 200 iterations (Fig. 9). Unlike the synthetic analysis, no 
spike in the normalized error at the transition of the two frequency 
stages was observed. This means that less wave energy from 30 to 40 Hz 
was added to the wavefield with the increase of frequency. In addition, 
most subsurface features had already been revealed by the first fre
quency stage, and the velocity model was more in agreement with the 
higher frequency results. 

Shown in Fig. 10 is the waveform comparison between the observed 
(measured) data from a sample SPT-source and estimated data 

Fig. 9. Field experiment: normalized least squares error for SPT source data.  

Fig. 10. Field experiment: waveform comparison between the observed data from the SPT-source and estimated data for a sample shot associated with a) the initial 
model and b) the final inverted result at iteration 200. Channel 9 with poor data is removed from analysis. 
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Fig. 11. Field experiment: 3D rendering of the Vs (left) and Vp (right) in m/s for the initial model (a), the final inverted result of the SPT-source data (b) and the final 
inverted result of the surface-based data (c). 
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associated with the initial model (Fig. 10a) and the final inverted result 
(Fig. 10b). As seen in the observed data, the seismic waveforms from an 
embedded SPT blow are present in all of the ground surface geophones, 
exhibiting both consistent wave propagation pattern and magnitude. 
During inversion, the waveform match improved for most of the chan
nels. No cycle skipping or matching of the wrong peaks is seen, sug
gesting the sufficiency of the initial model. 

Shown in Fig. 8b is the final inverted result for the SPT-source data. 
Vs profile (Fig. 8b, left) consists of a soft layer from the ground surface to 
about 7 m depth with shallow low-velocity anomalies, underlain by a 
stiff layer. Based on SPT samples, the soft and stiff layers are soil and 
weathered limestone, respectively. Interestingly, there exist two con
nected voids with very low Vs (40–100 m/s) inside the limestone layer, 
at 14–18 m depth. One of them lies outside of the SPT boring and was 
not observed from the drilling log. The Vp profile (Fig. 8b, right) is 
consistent with Vs profile, including soil/limestone layers and low- 
velocity anomalies/voids. 

4.2. Surface-based data analyses 

The surface-based data (surface source and receiver) was inverted 
using the same initial model as that of the in-depth source data (Fig. 8a). 
The same frequency bandpasses of 10–30 Hz and 10–40 Hz with the 
same number of iterations were also used during the surface-based 
inversion analysis. The final inverted results of the surface-based data 
(Fig. 8c) reveal one shallow low-velocity zone at the right of the me
dium, and a high-velocity zone at the left of the medium. As expected, 
the deep voids inside the limestone layer cannot be identified from the 
surface-based data. Again, this is due to the limited test area on the 
surface (18 � 18 m) as well as large reflection of surface source energy at 
the soil/limestone boundary. 

For better viewing of subsurface features, Fig. 11 shows the 3D 
renderings of Vs and Vp of the initial model, and inverted results of the 
SPT-source and surface-based data. Again, the two deep voids (14–18 m 
depth) are clearly shown in the result of the SPT-source data (Fig. 11b, 
left), but not in the result of the surface-based data (Fig. 11c). The Vp 

renderings are similar to the Vs renderings, except the two deep voids 
are merged into a larger void (Fig. 11b, right). 

Shown in Fig. 12 is the comparison of the initial Vs, the inverted Vs 
(iteration 200) and the SPT N-values along the vertical source line 
(borehole) at the center of the medium. The initial and inverted Vs 
values were sampled at each grid point along the depth. A good overall 
match of the SPT N-values and the inverted Vs profile is observed, 
including identification of low-velocity zones at about 1 m and 15 m 
depths and high-velocity zones at about 4 m and 9 m depths. The 
inverted Vs profile is not as erratic as the SPT N-values. This is due to the 
regularization used in inversion, which partially ties adjacent cells and 
smooths velocity models. Reducing the regularization level (e.g. using 
smaller λ1 and λ2 values, Eq. (6)) can increase the model contrast and 
improve the match with SPT N-values. However, it leads to less opti
mization stability and produces more inversion artifacts. 

In summary, based on the field experiment result, the presented SPT- 
seismic method shows the excellent capability for deep site character
ization. It should be used whenever an SPT is used, particularly for cases 
of limited area on the ground surface (not good for surface-based 
testing), subsurface conditions with a large stiffness contrast (soil/ 
rock), or thick rock mass. In such cases, the depth of investigation from 
traditional surface-based seismic methods is often limited near the top of 
rock mass due to poor signal coverage in rock. Thus, the SPT-seismic 
method is strongly recommended for these cases to obtain necessary 
characterized resolution and accuracy with depths. 

5. Conclusion 

This paper presents a new geophysical investigation approach, SPT- 
seismic testing for deep site characterization. Seismic energy and 
waveform data generated from a SPT hammer advancing a spoon 
sampler in a borehole at depth is recorded with a 2D grid of geophones 
on the ground surface. The recorded data is then analyzed by a 3D full- 
waveform inversion (3D FWI) to obtain detailed 3D subsurface structure 
of soil and rock outside the borehole. The main advantages of this 
approach are: 1) the in-depth source waveform data can be acquired 
without the requirement of separate geophysical boreholes, 2) unlike 
surface-source data dominated by surface waves, the in-depth source 
data is rich in body waves, which allow higher characterized resolution 
with depth and, 3) traditional testing within SPT borehole (N-values, 
tube sampling, coring, etc.) are also available. 

Both full-scale synthetic and field experiments were carried out to 
assess the viability of the approach. In the synthetic experiment, the 3D 
FWI analysis with in-depth sources and surface receivers successfully 
recovered a subsurface profile with variable layers along with a deeply 
buried void. In the case of field testing, the analysis was able to identify 
the 3D S-wave and P-wave velocities within a 9 m zone around the SPT 
boring, which included identification of two deep voids at 14–18 m 
depth within karst limestone. In addition, the inverted S-wave velocities 
of soil and rock were in general agreement with recorded SPT N-values. 
It is concluded that the SPT-seismic testing is an economical and effi
cient tool for obtaining properties of soil and rock both within the 
borehole as well outside (i.e. 3D volume) for site characterization in the 
design and construction of deep foundations. 
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