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ABSTRACT 

The vision cone penetrometer (VisCPT) fits a traditional cone penetrometer (CPT) with a 
camera to obtain continuous in situ soil images. A previously developed image analysis method 
determines several textural indices for each captured image. The textural index profiles can 
identify thin soil layers and lenses that may be undetected by the CPT. A newly redesigned 
VisCPT having a much higher resolution camera than in previous VisCPTs has been developed. 
The larger resolution expands the range of soil sizes that can be optically characterized by the 
system. Updated hardware and image analysis techniques will enhance the capabilities of the 
VisCPT for generating accurate soil profiles. 

INTRODUCTION 

The cone penetrometer (CPT) is an accurate in situ soil test that generates nearly continuous 
soil profiles through correlations between tip resistance, side friction, and pore pressures with 
soil types (Robertson et al. 1986, Kulhawy and Mayne 1990, Schneider et al. 2008, Abbaszadeh 
Shahri et al. 2015). The CPT holds many advantages over the Standard Penetration Test (SPT). 
However, unlike the CPT, the SPT affords the ability to gather soil samples for visual inspection 
and laboratory index testing. In response to this, the Vision Cone Penetrometer (VisCPT) was 
developed. The VisCPT captures video footage of soil during CPT advance. Image analysis is 
performed on the continuous stream of images. This analysis is able to detect thin soil strata not 
revealed in traditional CPT logs (Ghalib et al. 2000, Hryciw et al. 2009). A new version of the 
VisCPT has recently been fabricated. This paper describes the hardware improvements and 
investigates the potential to improve the existing image analysis method. With such 
improvements, the range of soil particle sizes that the VisCPT can optically characterize will be 
significantly expanded. 

EARLIER VISION CONE PENETROMETERS (VISCPTS) 

The original VisCPT shown in Fig. 1 (top) was developed by Raschke and Hryciw (1997). It 
equipped a traditional CPT device with two black and white charge coupled device (CCD) 
cameras. The camera closer to the penetrometer tip captured lower-magnification images, while 
the second camera captured higher-magnification ones. The lower-magnification camera’s field 
of view was 14 mm (vertical), while the higher-magnification’s was 2 mm (vertical). Both 
cameras had a resolution of only 768 x 494 pixels. The second generation VisCPT, shown in Fig. 
1 (bottom), replaced the two previous cameras with one micro digital color CCD camera (Shin 
2005). The device consisted of an electronic piezocone and a vision module containing the 
camera. The camera captured images with a 720 x 480 pixel resolution and a 10 mm field of 
view (vertical). 
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viewing window centered on one of the flat sides. One end of the prototype connects to a 1500 
mm2 (2.3 in2) electronic CPT piezocone. The other end connects with a CPT rod. An e-Con 
Systems See3CAM_80 13 Megapixel UVC USB camera is used. This high resolution camera 
enables characterization of soils into the silt range. For lab bench calibration testing, the VisCPT 
prototype was connected to a BK Precision 1735A DC power supply that controlled the 
illumination of the soil through the sapphire window. Figure 3 shows the lab testing system. The 
octagonal vision module shown in Fig. 2(b) can contain a 1500 mm2 (2.3 in2) inscribed circle, 
which is the same area as the piezocone. Thus, there will be a similar cross-section between these 
two components of this VisCPT. This level of uniformity was not possible with the earlier 
VisCPTs. 

Investigating Previous and New VisCPT Image Analysis Methods: The new UVC USB 
camera has a resolution of 13 Megapixels, which is almost 38 times greater than that of the 
second generation VisCPT. Thus, the new VisCPT required a re-evaluation of the image analysis 
capabilities for distinguishing particle sizes. To this end, controlled laboratory tests were 
conducted. A glacial sand termed 2NS by the Michigan Department of Transportation (MDOT, 
2010) was sieved for its constituent size fractions. Multiple images of each size fraction were 
captured by the new VisCPT. Energy, Contrast, Local Homogeneity, as well as two other 
textural indices, Contrast and Correlation, were determined. In addition, another image analysis 
technique utilizing the Haar Wavelet Transform (HWT) was considered.  

 
Figure 2. 3D-printed prototype of the third generation VisCPT vision module. (a) Vision 

module, (b) Schematic of the module’s cross-section. 
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Figure 3. Prototype of the new VisCPT. 

The HWT image analysis method has been used to estimate particle sizes of coarse-grained 
soils in SedImaging and FieldSed tests (Ohm and Hryciw 2014, Ventola and Hryciw 2019). The 
method analyzes the spatial grayscale intensity distributions across small, overlapping areas 
throughout an image of a sedimented soil. For each area, the method determines a wavelet index, 
CA. The CA is a function of the spatial grayscale distribution and therefore, the sizes of the 
particles within the area. In general, larger soil particles yield larger CA values. A comprehensive 
definition of CA is provided in Hryciw et al. (2015). The CA has been related to the average 
sieve-defined diameter of a soil particle in pixel units, pixels per particle diameter (PPD), 
through an empirical correlation having the form 

  
bCAPPD

a
 

 
 

  [1] 

where a and b are empirical constants with values of 2.4 and 5.1 respectively for saturated, 
multi-colored coarse-grained sand (Jung et al. 2008, Hryciw et al. 2009). Of course, the PPD is 
related to both the actual soil particle size and camera magnification, MAG [pix/mm]. Once the 
PPD for an analysis area is calculated using Eq. 1, the sieve-equivalent particle size, d [mm] for 
that area is computed by 

  PPDd
MAG

   [2] 

Laboratory images collected with the new VisCPT prototype enabled a comparison of the 
Haralick textural indices to the HWT-based results, with the potential to utilize or combine the 
two methods. 

IMAGE CAPTURE WITH THE NEW VISCPT SYSTEM 

To investigate the two image analysis methods with the new VisCPT, soil images with 
resolutions of 4208 x 3120 pixels were captured using the system in Fig. 3. The voltage from the 
power supply was varied to study the effect of image brightness on the indices. To determine the 
appropriate voltage, dry 2NS soil particles of different size ranges were photographed at a series 
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of voltages. Table 1 summarizes the different particle sizes used for this investigation. All soil 
images were captured at the same camera magnification (246.6 pix/mm) and with the same 
camera settings (e.g. sharpness, white balance, exposure, etc.). Five different images for each 
size range were captured; a total of 40 soil images at each voltage were obtained. Nine different 
voltages ranging from 3.75 Volts to 7.00 Volts were analyzed. Through a comparison (not 
detailed here) of voltages/illuminations and the resulting textural indices, 4.25 Volts was 
determined to provide the ideal illumination for this investigation. Figure 4 shows one of the five 
soil images captured for each size range using 4.25 Volts. The images in Fig. 4 are 2048 x 2048 
pixels. This image size was used throughout this investigation. 

Table 1. 2NS sand particle size ranges used in this study. 
Sample Sieve Size 

Range1 
Particle Size Range [mm] 
(Midpoint) 

Midpoint PPD 
 [pix] 

a #10-#12 1.7 – 2.0 (1.85) 456.2  
b #18-#25 0.71 – 1.00 (0.86) 210.8  
c #30-#35 0.5 – 0.6 (0.55) 135.6  
d #50-#70 0.212 – 0.300 (0.256) 63.1  
e #70-#100 0.150 – 0.212 (0.181) 44.6  
f #100-#170 0.09 – 0.15 (0.12) 29.6  
g #200-#270 0.053 – 0.075 (0.064) 15.8  
h #270-#400 0.038 – 0.053 (0.046) 11.2  

1 Sieve size ranges were gathered in accordance with ASTM (2014) C136/C136M-14 

 
Figure 4. Photos of each 2NS sample from Table 1. 

TEXTURAL INDICES IMAGE ANALYSIS FOR THE NEW VISCPT SYSTEM 

Five Haralick textural indices: Contrast, Correlation, Homogeneity, Variance, and Energy 
were computed for the 40 images of various-sized soil particles from Table 1 and Fig. 4. In Fig. 
5, the Haralick textural indices were plotted versus the known midpoint PPD value for each 
image. Contrast, Correlation, Homogeneity, and Variance all exhibit clear trends with PPD; 
Contrast has an inverse relationship with PPD, while Correlation, Homogeneity, and Variance 
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Figure 5. Various Haralick textural indices versus Pixels per Particle Diameter (PPD): (a) 
Contrast vs. PPD, (b) Correlation vs. PPD, (c) Homogeneity vs. PPD, (d) Variance vs. PPD, 

(e) Energy vs. PPD. 
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all have direct relationships with PPD. Furthermore, there is very high reproducibility between 
the five different soil images taken at each PPD. Figure 5 shows that Contrast, Correlation, 
Homogeneity, and Variance are promising textural indices that will eventually be used to 
characterize particles over a size range spanning nearly two orders of magnitude, from the silt 
range to medium sand. 

In contrast to the other indices, Energy (Fig. 5(e)) appears to have no correlation with PPD. 
Unlike the conclusions reached by Ghalib (2000), it appears that Energy cannot be used to 
determine soil particle sizes. The reason for the discrepancy between Fig. 5(e) and Ghalib (2000) 
likely lies in the VisCPT camera magnification. Ghalib (2000) was using the earlier generations 
of the VisCPT, which utilized significantly lower magnification cameras. As such, Ghalib was 
reporting PPD values for sands between 1 and 30 pixels; the PPD values reported with the new 
VisCPT range between 10 and 500 pixels Therefore, the correlation Ghalib (2000) reported 
between Energy and PPD is not appropriate for the larger PPDs shown in Fig. 5. 

 
Figure 6. HWT-based wavelet index, CA versus Pixels per Particle Diameter (PPD). 

HWT IMAGE ANALYSIS WITH THE NEW VISCPT SYSTEM 

The same 40 images used to compute the textural indices were also analyzed with the HWT-
based analysis method. The wavelet indices, CA, for all of the images are plotted versus their 
known midpoint PPD in Fig. 6. There is clearly a well-defined positive correlation between CA 
and PPD. A best-fit line for the data is: 
  102.2 1 logCA PPD    [3] 

Figure 6 also shows the earlier non-linear relationship between CA and PPD given by Eq. 
(1). Hryciw et al. (2015) had shown that this relationship should theoretically be linear. At that 
time, the use of low resolution cameras or the analysis of areas in an image that were too small 
caused the non-linearity. The new data captured for this paper by the higher resolution VisCPT 
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camera and analysis of larger areas in an image confirmed this. This marks a significant advance 
for the VisCPT as the image analysis has now become somewhat less empirical. 

DISCUSSION 

Both the Haralick textural indices, with the exception of Energy, as well as the HWT-based 
image analysis were shown as promising methods for determining soil particle sizes from the silt 
range to medium sand. Additional research is needed to generate formal correlations between the 
Haralick textural indices and PPD. Future work will also determine how the textural indices and 
the HWT-based methods can be effectively combined for use with the new VisCPT. 

It is important to emphasize that the soil images used in this preliminary investigation 
utilized only one sand (2NS). Furthermore, the specimens were dry. Additional tests are 
therefore needed on other sands to refine the required constants for Eq. (3). The authors believe 
that the constants will vary with soil color and its uniformity, particle translucency, and light 
reflectivity. Future research will involve repeating the investigation for other soil types, as well 
as for saturated conditions. Doing so will determine if these image analysis methods can also be 
used to distinguish between different soils. 

CONCLUSIONS 

A new version of the Vision Cone Penetrometer (VisCPT) – which utilizes a high resolution, 
13 Megapixel, UVC USB camera – has been developed. The new hardware design merited an 
investigation of the existing image analysis method used with previous VisCPTs and with 
laboratory image-based soil characterization tests. The results showed that four of Haralick’s 
textural indices were able to distinguish soil particle sizes ranging from silt to medium sand. 
Another image analysis method based on the Haar Wavelet Transform (HWT), also 
characterized the different particle sizes. Future research will involve testing a wider range of 
soil types and moisture conditions. 
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