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Abstract

Accurate strain and volume measurements are critical to phase relationships and
strength determination for saturated and unsaturated soils. In recent years, laboratory-based
photographic techniques of monitoring soil specimens have become more common. These
techniques have been used to reconstruct 3D models and to determine strain and volumetric
changes of triaxial specimens. A new technique that utilized digital photographs of the soil
specimen, captured from within a triaxial testing cell, was utilized. Photographs were processed
using photogrammetry software to reconstruct 3D models of the soil specimens. By placing
camera equipment within the cell, the technique eliminated the need to account for optical
distortions due to 1) refraction at the confining fluid-cell wall-atmosphere interface, 2) the
curvature of the cylindrical cell wall, and 3) the pressure-induced deformation of the cell wall.

As documented herein, the internal photogrammetry approach was validated using analog
specimens and triaxial compression and extension tests. Furthermore, the viability of determining
total and local strains, volume changes, and total volume at any given stage of testing was
evaluated. By comparison with other volume-determination methods, including DSLR camera
photogrammetry, 3D scanning, manual measurements and water displacement techniques, an

accuracy of the internal photogrammetry technique of 0.13 percent was assessed.

Keywords: Triaxial Testing, Photogrammetry, Volume Measurements
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Introduction and Background

Researchers have employed various photograph-based methods to monitor soil
specimens during triaxial tests. Specifically, these measurements have enabled one or more of
the following: 1) axial and radial dimensions and deformations with time, 2) local and/or total
volume measurements, 3) volumetric strain calculations, and 4) shear band characterization.
Zhang et al. (2015) tabulated examples and provided a discussion of the various methods that
were previously utilized to calculate local and/or total volume of triaxial specimens. Examples
included double-wall cell systems, differential pressure transducers, measurements of air and
water volume changes (Bishop and Donald 1961, Ng et al. 2002, Leong et al. 2004),
displacement sensors (Scholey et al. 1995, Bésuelle and Desrues 2001), proximity sensors
(Clayton et al. 1989), laser scanners (Romero et al. 1997, Messerklinger and Springman 2007),
digital image analysis (Macari et al. 1997, Sachan and Penumadu 2007), digital image
correlation (Bhandari et al. 2012), x-ray computed tomography (Desrues et al. 1996, Viggiani et
al. 2004), and photogrammetry (Zhang et al. 2015). Specifically, the methods that were
mentioned were divided into two broad categories: photograph-based and non-photograph-
based methods. In recent years, the popularity of photograph-based methods has surpassed
non-photograph-based methods due to their practicality, cost-effectiveness, and versatility. The
limitations of the photograph-based and non-photograph-based approaches were discussed in
Salazar and Coffman (2015a) and Salazar et al. (2015); the need for the use of photogrammetry
that relied upon internal cameras was presented.

Of the photograph-based triaxial monitoring examples in the literature (Macari et al.
1997, Alshibli and Sture 1999, Alshibli and Al-Hamdan 2001, Gachet et al. 2006, Sachan and
Penumadu 2007, Rechenmacher and Medina-Cetina 2007, Uchaipichat et al. 2011, Bhandari et
al. 2012, Hormdee et al. 2014, Zhang et al. 2015), only the Zhang et al. (2015) technique
utilized photogrammetry to obtain total and local volume changes of triaxial soil specimens.
Several advantages were observed by utilizing the photogrammetry techniques; the Zhang et al.
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(2015) method overcame the previous limitations of photograph-based measurement
techniques (including Digital Image Analysis [DIA], Digital Image Correlation [DIC], and Particle
Image Velocimetry [PIV]). Zhang et al. (2015) claimed that the ray-tracing and least-square
optimization techniques that were utilized to obtain these corrections enabled errors of no more
than 0.25 percent. However, because the photographs were acquired externally (from outside of
the cell wall) during the implementation of the Zhang et al. (2015) method, computationally
intensive corrections were required to account for optical refraction and cell wall flexure.

As an alternative to the aforementioned methods that utilized externally-acquired
photographs, Salazar and Coffman (2015a, 2015b) and Salazar et al. (2015) introduced a
photogrammetry method that utilized photographs that were captured from within the triaxial
cell. As described in Salazar and Coffman (2015a, 2015b) and Salazar et al. (2015), small
board cameras with pinhole apertures were mounted to diametrically opposed towers that were
located within the triaxial cell. Due to the confined space within the triaxial cell (11.43-cm [4.5-
in.] inside diameter), the field of view of the board cameras was limited. Therefore, ten camera
devices (five devices stacked vertically on each tower) were required to ensure full photographic
coverage of a soil specimen. The towers were mounted on a guided track that allowed for
rotation around the soil specimen between the two top cap drainage lines. With the aid of two
pairs of magnets (located on the towers and outside of the cell), the towers were manually
rotated and stopped at prescribed intervals. Ten photographs were captured at each interval.
Photogrammetry software (PhotoModeler Scanner 2015 [Eos Systems, Inc. 2015]) was then
utilized to reconstruct the surface for any soil specimen at any given stage during triaxial testing.

The internal cell photogrammetry system was designed to withstand exposure to the
confining fluid (silicone oil) and the typical high confining pressures associated with a triaxial test
(up to 1,035 kPa). The primary advantage of the Salazar and Coffman (2015a, 2015b) and

Salazar et al. (2015) technique was direct observation of the soil specimen during testing; the
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necessity to account for the refraction of light at the confining fluid-cell wall and cell wall-
atmosphere interfaces, or the curvature of the cell wall, was therefore eliminated.

The procedures utilized to validate the internal photogrammetry technique are described
in Validation of the Internal Photogrammetry Technique. The technique was validated using soil
analog specimens (brass and two acrylic specimens). The brass specimen and a large acrylic
specimen were utilized to examine the effect of the number of photographs (ranging from 40 to
320 photographs) on the photogrammetric derivation of camera locations and on the
determination of specimen volume. A small acrylic specimen was utilized to verify the accuracy
of the photogrammetric procedures. Furthermore, a discussion of the limitations of the
presented technique is included. The procedures for triaxial testing of soil specimens are
described in the Utilization of the Internal Photogrammetry Technique on Soil Specimens
section. Specifically, the methods and materials that were employed to acquire and to process
data are included. Results from the triaxial tests are presented in the Results and Discussion
section. The results were used to demonstrate the viability of the internal photogrammetry
approach and to provide visual representation of total and local deformations on the surface of
the soil specimens during testing. Discussions of the potential applications and improvements of
the internal photogrammetry technique are presented in the Potential Applications and Future
Improvements section, followed by concluding remarks.

Validation of the Internal Photogrammetry Technique

As discussed herein, the performance of the internal cell photogrammetry approach that
was described in Salazar and Coffman (2015a, 2015b) and Salazar et al. (2015) was validated
by conducting a series of tests using soil analog specimens (brass and acrylic specimens).
Specifically, each step of the approach was validated prior to triaxial compression and extension
testing. These steps included 1) the calibration of each of the individual board cameras, 2) the
derivation of camera locations and orientations, 3) the determination of suitable photograph-
capturing intervals, 4) the capture of photographs of the acrylic analog specimen, 5) the
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photogrammetric reconstruction of the acrylic analog specimen, 6) the determination of the
volume of the acrylic analog specimen, and 7) the evaluation of the accuracy of the volume
determination method. To illustrate the full validation process, a flow chart is presented (Figure
1). As a subset of Figure 1, the photogrammetric processes are further described in in Figure 2.
Calibration of Board Cameras

The camera calibration, as used to determine the intrinsic parameters that describe the
internal geometry of the camera, is critical to the application of the principles of
photogrammetry. Therefore, each of the ten board cameras was calibrated utilizing the single-
sheet calibration procedure, as outlined by Eos Systems, Inc. (2015). Through this method,
each of the ten cameras was used to capture photographs of a calibration grid from different
perspectives. These photographs were then processed within the PhotoModeler Scanner 2015
software (herein after referred to as PhotoModeler) to derive the intrinsic camera parameters for
each of the ten cameras, namely the focal length (f), the sensor format size (w:h), and the
principal point (x:y). These intrinsic camera parameters were imported into all future
PhotoModeler projects that used any board camera acquired photographs.
Derivation of Camera Locations and Orientations within the Triaxial Cell

In photogrammetry applications, it is necessary to derive the extrinsic parameters for

each camera position used to capture a photograph (namely location and orientation in 3D
space). To derive this information for the board cameras that were internal to the triaxial cell, the
following approach was conducted. A cylindrical, brass analog specimen (38.1mm [1.5in.]
diameter by 76.2mm [3.0in.] length, nominal) was wrapped with a sequence of black ringed
automatically detected (RAD) coded targets that were printed onto a sheet of white paper (to
provide contrast). The brass specimen was then placed upright on a flat surface. Other targets
were placed on the flat surface adjacent to the specimen to provide additional tie points, and to
increase redundancy and the overall accuracy of the measured target locations on the
specimen surface. These additional tie points were also used for datum definition, namely
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model orientation and scale. A digital single lens reflex (DSLR) camera (21.2 Megapixel Canon
5D Mark Il with fixed 28mm Nikkor lens) was then calibrated using the same procedures that
were used to calibrate the board cameras (as previously discussed). The DSLR camera was
then employed to capture photographs of all sides of the brass specimen (approximately 40
photographs total). A selection of the photographs were processed using PhotoModeler
software to identify and locate each target on the surface of the specimen. External geometry
measurements acquired using a caliper (distance between several targets within the
photographs) were input into the software program to define scale. For reference, the resulting
control point cloud of coded target locations (286 target locations total) was saved and imported
into all succeeding projects.

The same targeted brass specimen, as previously used, was placed within the
instrumented triaxial cell. Photographs of the specimen were captured at every five degrees of
rotation around the specimen, with two 20-degree gaps, due to the presence of the two
diametrically opposed drain lines (connected to the specimen top cap) on each side of the
specimen. The five-degree interval photographs (total of 320 photographs) were analyzed using
the PhotoModeler software while utilizing the imported control point cloud as a reference.
Targets within the newly acquired photographs were identified and assigned to the
corresponding locations of the imported control points. The software was then utilized to derive
the location (X, Y, Z) and orientation (Omega, Phi, Kappa) of each of the individual board
cameras at each interval. These virtual camera locations and orientations corresponded to the
photograph interval stops around the specimen within the instrumented cell. Therefore, all future
photograph acquisitions were assigned to the respective photogrammetrically-derived camera
locations and camera orientations.

Determination of Photograph-Capturing Intervals

Given the constraints of close-range photogrammetry, and to allow for full photographic

coverage of the surface of a specimen, it was necessary to capture photographs at intervals of
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rotation about the specimen. It was desired to minimize the number of photographs required to
reconstruct the specimen, while maintaining a high degree of accuracy and precision.
Furthermore, the accuracy of the location of a point was influenced by the angle between
photographs (perspective). It was therefore desired to optimize the angle between photographs
while maintaining photograph redundancy (overlap) in adjacent photographs. Furthermore, a
sensitivity study was performed to determine the ideal angle between adjacent sets of
photographs. The study was conducted by placing a different analog specimen (acrylic, 44.5mm
[1.75in.] diameter by 88.9mm [3.5in.] length, nominal) into the instrumented triaxial cell and
capturing photographs of the specimen at five degree intervals (320 photographs, total). The
larger specimen was selected because it represented the maximum dimensions that would be
achieved during large-strain triaxial compression (maximum diameter) or extension (maximum
height) tests on actual soil specimens. The cell remained empty (air, instead of confining fluid)
for this stage of the validation process. The sensitivity of the camera locations to the angle
between the photograph capturing intervals was evaluated for 45-, 30-, 15-, and five-degree
intervals, which corresponded to 40, 60, 110, and 320 photographs, respectively. These
intervals were chosen because each interval was divisible by the next, allowing for one common
photoset to be used.
Capture of Photographs of Acrylic Specimen

The same procedures that were utilized to 1) derive the board camera locations and
orientations using the brass analog specimen (in air) and to 2) determine the ideal angle
between photos using the large, acrylic analog specimen (also in air) were employed to validate
the method using a second, smaller acrylic analog specimen (38.1mm [1.5in.] diameter by
76.2mm [3.0in.] length, nominal) submerged in confining fluid (silicone oil) within the triaxial cell.
The same sequence of unique RAD-coded targets (that were utilized previously to wrap the
brass specimen) were adhered to the surface of the acrylic specimen after the targets had been
printed onto a sheet of temporary tattoo adhesive paper. 1) Like with the brass specimen, the
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DSLR camera was again used to photograph the specimen (in air, on a flat surface), 2) a control
point cloud of coded target locations was created, 3) photographs of the specimen were
captured from within the instrumented triaxial cell (this time in confining fluid), 4) photographs
were processed using PhotoModeler software, and 5) camera locations and orientations within
the silicone oil filled triaxial cell were derived.

The coded targets that were adhered to the surface of the acrylic specimen were
removed and a different sequence of coded targets was adhered to the surface of the specimen
using the temporary tattoo adhesive paper. A different sequence of targets was used because it
distinguished them from the targets that were already identified to create the control point cloud
(used to derive the camera locations and orientations). The acrylic specimen was then placed
within the triaxial cell filled with confining fluid once more and photographs were captured to
reconstruct the specimen. This second set of photographs of the acrylic specimen was
necessary because it would not have been a fair assessment to derive the target locations on
the surface of the specimen using the same photographs that were utilized to derive the camera
locations and orientations.

Photogrammetric Reconstruction of a Specimen

The photographs of the two acrylic analog specimens (large specimen used to evaluate
photograph capturing interval and smaller specimen used to validate technique when subjected
to the confining fluid) that were captured from within the triaxial cell were processed within
PhotoModeler software to photogrammetrically reconstruct the specimens. The photogrammetry
projects that were created during the camera location and orientation step were modified by
replacing the photographs within the projects with the newly acquired photographs of the acrylic
specimens. This ensured that the geometric constraints (camera location and orientation)
remained constant, thereby enabling the greatest possible accuracy for the close-range
photogrammetry technique. The control points (that were created in the camera location and
orientation projects) remained in place, but their visibility was disabled to reduce confusion while
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the locations of the new targets were being measured. Targets on the surface of the acrylic
specimens were identified in at least three photographs and assigned to their respective unique
identification numbers (384 and 283 total targets total for large- and small-acrylic specimens,
respectively). Three-dimensional coordinates were then automatically assigned to each
commonly referenced point in the project. The circular centers of the targets provided a reliable
means of identifying the precise locations of the targets. To aid in the reliable identification of
common points on the ends of the specimen, high contrast markers were added to the porous
stones on both ends of the specimen. The intersections between the markers, the porous
stones, and the ends of the specimen served to identify common points along the ends of the
specimen. Internal quality feedback within the PhotoModeler software aided in identifying and
reducing point measurement errors, thereby 1) ensuring the quality of the photogrammetry
projects and 2) providing consistency among each of the projects that were processed. The
quality feedback metrics included total error, residuals, and point precision values.

After all of the points on the surfaces of the specimens were identified, radial curves
were drawn through the 3D points on the surface of the virtual specimens. Surface tools were
utilized to create outward-facing surfaces on the specimens; these surfaces were created by
using the curves as the edges of each surface, and to cap the open ends of the specimens. The
virtual specimens therefore took shape using the newly created surfaces; however, the
PhotoModeler software did not correctly calculate the internal volumes of the virtual specimens,
nor were the surfaces “watertight”. The 3D models were therefore exported in a wavefront
format (.obj extension) to allow for further analysis using a software program that was more
suited to determining the accurate volume of a virtual object. The Geomagic Design X software
package (3D Systems, Inc. 2015) was utilized for this purpose.

Determination of a Specimen Volume

Each 3D model exported from PhotoModeler consisted of a number of disconnected

polygonal bands wrapped transversely around the surface of the model. Narrow gaps between
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these polygonal bands were sealed using the Global Remesh and Healing Wizard tools within
the Geomagic Design software. The Global Remesh tool worked by essentially shrink-wrapping
the 3D model with a new, improved surface that was free of holes, slivers, and other topologic
imperfections. The settings for this tool were adjusted so that the number of polygons that made
up the output model was 100 times the number of polygons of the input model. The increase in
the quantity of polygons reduced the potential for rounding that was observed along sharp
edges. Moreover, the Healing Wizard was then used to detect and remove any small clusters of
free-floating polygons that were not actually part of the surface of the models. After the final
watertight models were created, the calculation of the volume of each model was revealed when
selecting on the properties of the model.
Evaluation of Accuracy of Technique

To evaluate the accuracy of the internal cell photogrammetry approach that is presented
herein, several other techniques were also employed to determine the volume of the smaller
acrylic analog specimen. The techniques included 1) the aforementioned internal
photogrammetry technique (within triaxial cell), 2) photogrammetry using DSLR camera
obtained photographs only (external, not within the triaxial device), 3) a 3D scanning technique,
4) manual measurements using a caliper and pi tape, and 5) a water-displacement technique.
Based on a review of the literature, no universal method exists to evaluate the absolute or “true”
accuracy of a volume determination technique. The amount of difference relative to an external
reference, often termed “error”, is only meaningful when the nature of the external reference is
reported. To provide a metric for comparison between the volumes of the smaller acrylic
specimen, as obtained using each technique, the difference was evaluated relative to the water
displacement technique. This technique was selected, because it was based on well-
established procedures documented in ASTM D698 (2014) to determine the interior volume of a

Proctor mold.
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DSLR Camera Photogrammetry

For the DSLR camera survey technique, the smaller acrylic specimen was placed on a
table and approximately 40 photographs were captured of the specimen from various angles.
The photographs were imported into PhotoModeler software and a selection of the photos were
processed. Common points (coded targets) on the surface of the specimen were identified and
referenced to ensure that they appeared in at least three photos. Measurements were imported
to define the scale (known distance between select points) and orientation (x, y, and z axes).
Similar to the internal photogrammetry technique, surfaces were created on the virtual specimen
in PhotoModeler and the model was exported for processing and analysis within the Geomagic
Design software.
3D Scanning

By definition, 3D scanning is the use of a specialized instrument to rapidly record the 3D
information of an object or environment. The Breuckmann SmartScan3D HE was employed to
obtain the 3D data of the acrylic specimen. This device is a close range 3D digitizing system
that utilized fringe projection or structured white light technology. Specifically, a projector, two 5-
Megapixel color cameras, and multiple lenses were utilized to facilitate the 3D measurements. A
series of patterns (or fringes) were cast onto the specimen and the difference in the pattern from
each camera was utilized to compute a series of discrete measurements or 3D points. The
SmartScan3D HE instrument captured approximately 150,000 points per individual scan.

The smaller acrylic specimen was scanned with the SmartScan3D HE and a set of M-
125 lenses (i.e. 125 mm diagonal field-of-view at the optimal working distance of one meter).
The M-125 lenses, the highest resolution lenses available for this scanner, were used to
achieve the highest possible spatial resolution of approximately 60 um horizontal. To begin the
process of scanning, the instrument was calibrated using 1) the prescribed procedure that was
recommended by the manufacturer, 2) a set of calibration targets, and 3) the OPTOCAT 2013
R2 software. The calibration procedure reported an average accuracy of object points of 15.41
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um in the X, 0.74 um in the Y, and 26.75 um in the Z dimension (depth from scanner). The
specimen was made of an acrylic material that is partially transparent; to prevent scan errors
caused by light scattering during fringe projection, a thin coat of matte white spray paint was
applied to the specimen. Several spherical adhesive targets were also placed on each side of
the specimen to aid in the scan-to-scan alignment procedures during data processing. The
specimen was then placed at a 45-degree angle on an automated turntable (Figure 3) and
scanned at 20-degree intervals for a total of 18 scans. Two other manually positioned scans
were collected to fill in areas not visible during the turntable rotations. All of these data (20
scans) were then processed using the OPTOCAT software. The basic processing steps that
were performed included: 1) an iterative global best-fit alignment of all scans, 2) overlap
reduction to remove scan data collected at a high angle of incidence, 3) merging of individual
scans to create a single polygonal mesh, 4) smoothing to remove small amounts of noise and
other scan artifacts, and 5) hole-filling using the semi-automated tools that were available. The
final 3D model, as presented in Figure 3, was composed of approximately 685,000 polygonal
faces and approximately 343,000 vertices.
Manual Measurements

For the manual measurements method, a linear caliper (with a resolution of 0.05 mm)
was utilized to measure the length of the acrylic specimen (average of three measurements)
and a pi tape (with a resolution of 0.01 mm) was used to measure the diameter of the specimen
(average of three measurements). The volume of the specimen was then calculated based on
the average measurements.
Water Displacement

The same procedures that are commonly utilized to measure the volume of a Proctor
mold (ASTM D698 2014) were used to measure the volume of the specimen. Specifically, after
the volume of a Proctor mold was determined using the water-filling method that is described in

the Annex of the ASTM, the specimen was placed into the Proctor mold and submerged in de-
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ionized and de-aired water to determine the amount of water that was displaced by the
specimen. The mass of the acrylic specimen was determined before and after water submersion
to ensure that no water was imbibed by the specimen during the testing.
Limitations and Sources of Error

The limitations of, and the sources of error associated with, the described
photogrammetry technique are discussed herein. A schematic of the factors that influence the
accuracy of photogrammetry applications is presented as Figure 4. Several sources of error
were identified within the presented technique. Therefore, the accumulation of independent
sources of error produced an effect that may have propagated the error throughout the process
of collecting, processing, and evaluating data. To overcome all of the potential sources of error,
each source of error was addressed prior to occurrence.
Precision of Repeat Interval Stops

The camera tower stops at intervals around the specimen were marked on the rotating
platform to allow for repeat occupation (during a given photogrammetry project and between
successive photogrammetry projects). The method relied upon the capture of photographs from
the exact same locations with each repetition, because photographs with known (derived)
camera locations and orientations were replaced with new photographs (thereby assigning the
derived locations and orientations to the new photographs). Although the same locations were
reoccupied for each test, the precision of each reoccupation was only assessed visually. Any
deviation from the photogrammetrically derived location resulted in error in the three-
dimensional coordinate of an observed point within the replaced photographs.
Model Refinement

The number of targets that were utilized limited the mesh refinement of the surface of
each specimen. Furthermore, the number of targets that were utilized was related to processing
time and to the minimum size of targets. To maintain the automated target identification
capability of the PhotoModeler software, a target center diameter of at least 30 pixels was
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utilized. This resulted in the use of 286 targets, that were evenly distributed (center to center
spacing of 5.65 mm) across the surfaces of the 38.1mm (1.5in.) diameter by 76.2mm (3.0in.)
length (nominal) brass and acrylic soil specimens.
External Geometry Measurements

To scale a photogrammetry project, one or more external reference measurements was
required to be input. These reference measurements were in the form of a known distance
between two measured points located within the project. The resulting overall accuracy of a
project was therefore limited to the accuracy of the input measurements. To mitigate the impact
of this source of error, multiple reference measurements were made for various target pairs
within the project.
Determination of Specimen Ends

The most difficult aspect of processing the photographs of a specimen was the reliable
identification of the ends of the specimen (i.e. picking points along the edges at the two ends of
the specimen). Picking end points was challenging because distinct markers had to be identified
subjectively in adjacent photographs without the help of target centers. This challenge has often
been understated or not discussed in the literature, but should not be overlooked. To aid in the
reliable identification of specimen ends, high contrast markers were applied to the porous
stones on the ends of the specimens.
Utilization of Internal Photogrammetry Technique on Soil Specimens

Two triaxial tests were performed on kaolinite soil specimens to assess the viability of
determining total and local strains, total volume and volume changes at any given stage of
testing, and the actual failure plane of a soil specimen. Specifically, one undrained, conventional
triaxial compression (CTC) test and one undrained, reduced triaxial extension (RTE) test were
performed. As an example, a schematic of the stages of a typical compression test is presented
as Figure 5. In a typical triaxial compression test, the exact total specimen volume at any given
stage of testing (prior to consolidation, prior to shearing, or during shearing), must be back-
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calculated from testing and post-testing data using phase relationships and assumptions (most
notably the right circular cylinder assumption). This method of calculating specimen volume
often leads to erroneous results without any means of verification. The internal photogrammetry
system provided a means of directly and accurately determining the volume of a soil specimen
at any desired stage of testing without the need to rely upon erroneous assumptions during
back-calculations.

Soil specimens consisted of commercially available kaolinite soil, Kaowhite-S, obtained
from the Thiele Company (Sandersonville, Georgia). The specimens were slurry-consolidated in
an acrylic consolidometer under an overburden stress of 138 kPa (20 psi). Specimens with
nominal dimensions of 7.62-cm length and 3.81-cm diameter were extracted from the
consolidation apparatus and weighed. Using temporary tattoo paper, RAD-coded targets were
applied to the surface of the first membrane. The membrane was then placed onto the
specimen, and a second membrane was applied over the first membrane (to reduce the
potential for liquid transfer or gas permeation). During the specimen preparation phase, care
was taken to minimize the amount of disturbance on the soil specimen. The top and bottom
drain lines to the specimen were flushed to remove air from the lines and the specimen was
back pressure saturated (B-check equal to 0.95 or higher) before proceeding to the
consolidation phase. During each test, the specimen was consolidated under Ko-conditions to a
vertical effective stress of 310 kPa (45 psi). Upon completion of consolidation, the drain lines
were closed and the specimen was sheared under undrained conditions (strain rate of 0.5
percent per hour). For the CTC test, the shearing was paused at intervals of 0, 2, 4, 6, 8, 11.5,
and 15 percent strain. At each of these strain intervals, ten photographs of the specimen were
captured at 20-degree photograph intervals (total of 80 photographs per strain interval).
Similarly, for the RTE test, the shearing was paused at intervals of -0, -2, -4, -6, -8, -10, -12, -15
percent strain and photographs of the specimen were captured. For completeness, a
photograph of the instrumented triaxial cell, as utilized in the RTE test, is presented (Figure 6).
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Processing procedures were identical to those employed to model the acrylic analog
specimen. After 3D models of the soil specimens were exported to wavefront format files, the
models were further analyzed within Geomagic Design software. Local displacements on the
surface of each soil specimen were visualized using the built-in Mesh Deviation function.
Utilization of this function allowed for two watertight meshes to be overlayed (onto common
coordinates) to compare the positive or negative changes between the surfaces of the two
meshes. A color-graded scale was selected to visualize the magnitude of changes (cooler
colors corresponded to negative changes while warmer colors correlated to positive changes).

In addition to the triaxial compression and triaxial extension tests, one additional
unconfined compression (UC) test was performed. The purpose of the UC test was to compare
1) the calculated volumes during a test within the triaxial cell by utilizing the internal
photogrammetry technique, with 2) the calculated volumes during a test outside of the triaxial
cell utilizing the DSLR camera photogrammetry technique. The soil specimen was prepared in
an identical way to those specimens that were used in the triaxial tests. RAD-coded targets
were applied to the surface of the membrane and additional targets were placed on the loading
frame around the specimen to provide tie points for photogrammetric processing. The specimen
was sheared under unconfined conditions (although the specimen was wrapped in a
membrane) at a strain rate of 0.5 percent per hour. During the test, the shearing was paused at
intervals of 0, 2, 4, 6, 8, 11.5, and 15 percent axial strain and approximately 40 photographs of
the specimen were captured at each strain interval. During the processing phase, 12 photos of
the 40 photos that were captured for each strain interval, were selected and processed so that
targets on the surface of the specimen appeared in at least three photographs. Following the
same procedures as those used for the internal photogrammetry technique, 3D models were
created within PhotoModeler software and were exported for further analysis within Geomagic

Design software.
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Results and Discussion

The results from the validation of the internal cell photogrammetry technique are
presented herein. Furthermore, a discussion of the amount of error associated with the
technique and the sensitivity of the photograph-capturing interval are presented. The accuracy
of the utilized photogrammetry technique is discussed and the limitations are highlighted.

As presented in Table 1, the differences of the various volume measurement techniques
relative to the reference (water displacement technique) fell within one-half of one percent.
These difference values were expected to be greater for the techniques presented herein than
the difference values reported in the literature. This was expected because of the relatively
small size of the specimens that were utilized for validation of the internal photogrammetry
technique (nominal dimensions of 7.62-cm length and 3.81-cm diameter), as compared to larger
size specimens contained within the literature (typically, 10.16-cm length and 5.08-cm diameter,
or 14.22-cm length and 7.11-cm diameter). The smaller specimen size was utilized because of
the reduced drainage distance, which significantly reduced the time required for the completion
of the consolidation phase of testing.

Photograph Interval

Although it appeared that derived camera location difference was sensitive to the
photograph interval (degree of separation between sets of photographs), as indicated by
convergence of camera locations in Figure 7, the effect was considered negligible (within 0.045
pixels for the maximum difference in camera location). The relationship between derived
camera location and photograph interval was not directly meaningful. Therefore, the influence of
the photograph interval on the determination of specimen volume was examined (Table 2). For
the volume (as calculated from four photogrammetric reconstructions, using 45, 30, 15, and 5
degree photograph intervals), the standard deviation was equal to 0.34 cm?, and the range was
equal to 0.70 cm?®. The determination of volume was therefore not sensitive to the photograph
interval. Thus, to 1) match the 20-degree gaps surrounding the drain tubes within the triaxial cell
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and 2) provide consistent photograph intervals, an interval of 20 degrees was selected. This
resulted in 80 photographs and approximately 280 minutes of processing time per
photogrammetry project.

Testing of Internal Photogrammetry System on Soil Specimens

The volume of the soil specimens was determined at various levels of axial strain during
both the CTC and RTE tests, as well as during the UC test. The CTC and RTE tests were
performed in an undrained condition and therefore the total volume of the specimen was not
expected to change during the shearing phase of each test. Likewise, the UC test was
undrained. The volumes that were measured during each test, and the summary statistics for
each test, support this hypothesis. The results from the CTC test are presented in Table 3. The
volume change during the consolidation phase was determined to be 6.56 cm?, using the
internal photogrammetry technique. As a comparison, the volume change determined from the
pore pump was equal to 6.81 cm?® (temperature corrected) and the change calculated from the
displacement transducer was equal to 6.70 cm? (using the assumption that the cross-sectional
area of the specimen remained constant during Ko consolidation). The internal photogrammetry
approach therefore underpredicted the volume change by 3.7 percent, as compared to the
pump measurements, and by 2.1 percent, as compared to calculations using the change in
specimen height.

The results from the RTE test and the UC test are presented in Table 4 and Table 5,
respectively. For the CTC, RTE, and UC tests, the small changes in total volume, during
undrained shearing, were likely a result of the sensitivity to limited refinement of the 3D model
surface (function of the number of targets on the membrane). As indicated by the standard
deviation of total volumes calculated during the CTC test (0.37 cm?®), as compared to the
standard deviation during the RTE test (0.27 cm?), the variability was greater for the CTC test.
The likely cause of the greater variability during the CTC test was that the target refinement was
more sensitive to the local deformations on the surface of the specimen during compression
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(uneven bulging) than during extension (fairly uniform necking). Comparison with the results
from the UC test (standard deviation of 0.69 cm?®) revealed that even with the high resolution
DSLR camera photogrammetry technique there was variability in the volumes, further
supporting the hypothesis that the model refinement (humber and density of targets on surface
of the specimen) affected the accurate determination of specimen volume throughout a test.

The localized displacements of each specimen were visualized qualitatively for the CTC
and RTE tests. Specifically, the displacements were visualized for the consolidation phase of
testing, as presented in Figure 8, and for the shearing phase, as presented in Figure 9. During
the consolidation phase, the small strains in the radial direction of the specimen were somewhat
unexpected, as the triaxial testing apparatus was programmed for Ko-consolidation by which the
diameter of the specimen should have remained constant throughout the consolidation phase of
the test. In the CTC test (Figure 9a), the actual failure plane of the soil specimen was evident
from the shear banding behavior at larger strains (greater than eight percent axial strain).
Conversely, necking behavior was observed for the specimen in the RTE test (Figure 9b).
Conclusions

The internal cell photogrammetry technique that was previously described was validated
to determine the volume of soil specimens during all stages of triaxial compression (CTC) and
triaxial extension (RTE) tests. Specifically, the technique was successfully employed to monitor
the volume of kaolinite soil specimens during undrained, conventional, triaxial compression and
undrained, reduced, triaxial extension tests. The novel camera instrumentation, internal to the
triaxial cell wall, allowed for direct observation of the entire surface of the soil specimens
throughout the triaxial tests. The necessary assumptions and cumbersome corrections for
refraction were eliminated, thereby improving upon externally-acquired photograph-based
methods that have been recommended in the literature. The principles of close-range
photogrammetry were utilized to enable accurate 3D reconstructions of the soil specimens. Prior
to triaxial testing, a variety of outside-of-cell volume determination techniques, including DSLR
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camera photogrammetry, 3D scanning, manual measurements, and water displacement
techniques were employed to provide comparisons for the volume of an acrylic analog
specimen as determined utilizing the internal cell photogrammetry technique. Results from the
internal photogrammetry technique fell within 0.13 percent of the reference technique and
results from all comparison techniques fell within 0.50 percent. To minimize processing time to
approximately 280 minutes, a balance was struck between the number of photographs utilized
(80) and the reliability in photogrammetric measurements. 3D models were produced using
commercially available software and localized displacements that developed during the triaxial
testing were visualized and reported.
Potential Applications and Future Improvements

There are several potential applications for using the internal photogrammetry system.
The approach may be utilized to provide verification of axial and radial strain measurements at
any point on the surface of the specimen or at the end cap connection. Furthermore, the strain-
based approach could be used in conjunction with 3D finite element analysis techniques to
predict the stress distribution throughout the specimen. This inverse solution will aid in
developing understanding into the constitutive models of the soil behavior.
Future improvements to the internal photogrammetry system may facilitate increased accuracy
of the results. A higher degree of precision, in the reoccupation of photograph interval stops
around the specimen, would reduce the error associated with the processing of photogrammetry
projects. Therefore, a mechanized rotating track base is recommended for future applications.
Furthermore, future projects may also incorporate a geometric constraint that allows some small
amount of deviation from the known camera positions, but only along a modeled arc
representing the circular path of the camera track.

To increase the level of refinement on the surface of a specimen, a greater number of
targets may be required. However, the size of (and therefore the number of) the targets that
were utilized was limited, due to the resolution of the modified board camera devices. To reduce
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the approximations between targets, improved camera resolution will allow for denser target
coverage on the specimen surface. Furthermore, improvements in automatic target identification

algorithms will result in reduced time required for processing.
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Table 1. Comparison of small-acrylic analog specimen volumes as obtained using five different

techniques.

Volume of Specimen [cm?]

Volume Determination . Mean Difference from
Method Repetition [cm?3] Reference [%)]
1 2 3
Water Displacement 94.97 95.60 95.47 95.35 Reference

Manual Measurements 95.82 95.82 95.82 95.82 0.50
3-D Scan 95.64 - - 95.64 0.31
DSLR Photogrammetry 95.62 - - 95.62 0.29
Internal Photogrammetry 95.22 - - 95.22 -0.13




Table 2. Comparison of large-acrylic analog specimen volumes as determined during internal photograph
interval sensitivity test.

Rotation . imen
ntorval  Numberof - Computational SUTUTEY oy Suatstios
[Degrees] V1, [cm?]
45 40 120 135.17 Mean Volume [cm?] 135.56
30 60 180 135.37 Standard Deviation [cm?3] 0.34
15 110 330 135.87 Standard Error [cm?3] 0.17
5 320 960 135.80 Coefficient of Variation [%] 0.25

Range [cm?3] 0.70
Note: Photographs acquired using internal board cameras.




Table 3. Volumes of kaolinite soil specimen as determined throughout the triaxial compression test and
corresponding summary statistics.

Testing Axial Strain Volume Summarv Statistics
Phase €2, [%] V1, [cm?3] y
Pre-consolidation 89.72 i i
Consolidation Change in Volume During g 5q
0 83.16 Consolidation [cm?]
2 82.92
Mee_m Volume \ 83.37
4 83.28 During Shear [cm?3]
Shear 6 83.27 Standard Deviation [cm?3] 0.37
8 83.28 Standard Error [cm?3] 0.14
115 84.10 Coefficient of Variation [%] 0.45
15 83.55 Range [cm?] 1.18

Note: Photographs acquired using internal board cameras.



Table 4. Volumes of kaolinite soil specimen as determined throughout the triaxial extension test and
corresponding summary statistics.

Testing Axial Strain  Volume Summary Statistics

Phase €a, [%] Vr, [cm?]
0 79.88 Mea.m Volume 80.30
8 80.40 During Shear [cm?]
Shear 10 80.32 Standard Deviation [cm?] 0.27
12 80.28 Standard Error [cm?] 0.12
15 80.64 Coefficient of Variation [%] 0.34
Range [cm?] 0.76

Note: Photographs acquired using internal board cameras.



Table 5. Volumes of kaolinite soil specimen as determined throughout the unconfined compression test
and corresponding summary statistics.

Testing Axial Strain  Volume

Phase €, [%] Vr, [em?] Summary Statistics
0 91.01 Mean Volume
] 91.35
2 91.46 During Shear [cm?]
4 90.99 Standard Deviation [cm?] 0.69
Shear 6 90.90 Standard Error [cm?3] 0.26
8 90.75 Coefficient of Variation [%] 0.75
11.5 91.57 Range [cm?3] 2.00
15 92.75

Note: Photographs acquired using DSLR camera.



Internal Cell
Photogrammetry Validation

Volume Determination | CTC and RTE Testing
Method Comparison See Figure 2 of Soil Specimens
Internal Cell Photogrammetry —I | DSLR Target N Internal Camera
Identification Location/Orientation
DSLR Camera Photogrammetry !

for any given stage of testing

3 Capture photos of specimen with
o camera towers at 20° rotation interval
3 3-D Scan for any given stage of testing

$ I

3

£ Manual Measurements Create 3-D volumes of specimen

>

©

>

Water Displacement |

Calculate specimen — -
V. AV. h, Ah, d. Ad, €a, €v. As Visualize strains
Comparison of Volumes

T I
See Table 1 See Tables 3, 4 See Figures 8, 9

Where DSLR is digital single lens reflex (camera), CTC is conventional triaxial compression, RTE is reduced triaxial
extension, V is volume, AV is change in volume, h is height, Ah is change in height, d is diameter, Ad is change in
diameter, €4 is axial strain, €y is volumetric strain, and Aris the area of the actual failure plane.

Figure 1. The process used to validate internal cell photogrammetry and to obtain test parameters.
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ratio); x:y are the principal point coordinates; and Ki, Kz, K3, P1, P2 are lens distortion constants.

Figure 2. The process used to determine the volume of a specimen using internal cell cameras and the

sensitivity of photograph interval on the volume of the specimen.




Figure 3. a) Photograph of, and b) three-dimensional, watertight model of small-acrylic analog specimen
with spherical adhesive targets (removed during processing), as obtained during 3D scanning of
specimen.
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Shading highlights the characteristics of the photogrammetry methodology presented in this paper.

Figure 4. Factors affecting accuracy in photogrammetry (modified from Eos Systems, Inc. 2015).
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1. Pre-test: Mass (m) and water content (w), measured; Volume (V) calculated using caliper measurements.

2. Back-pressure saturation: Drain lines filled. Total volume change (AV) from pore pump measurements.
This volume change includes air 7) purged from lines, and 2) going into suspension.

3. Ko Consolidation: Sample AV from pore pump measurements.

4. Shearing: m, w, and V assumed to be equal to post-test m, w, and V (if undrained); calculated from pore
pump measurements (if drained).

5. Post-test: m and w, measured. Shear strength determined based on corrected area (Ac).

Figure 5. Typical measurements and calculations required for conventional triaxial compression test to
determine phase diagram of soil specimen during test.
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Figure 6. Photograph of the kaolinite specimen within the photogrammetrically instrumented triaxial cell
during the shearing stage of the extension test.
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Figure 7. Derived camera location difference as a function of photograph interval.
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Figure 8. Strain visualization of photogrammetry-obtained, three-dimensional models of kaolinite
specimen during Ko-consolidation phase of triaxial test (warm colors indicate positive deformation and

cool colors indicate negative deformation).
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Note: Photographs on the right are of post-test, oven-dried specimens.

Figure 9. Strain visualization of photogrammetry-obtained, three-dimensional models of kaolinite test
specimen during a) conventional triaxial compression, and b) reduced triaxial extension tests up to 15
percent axial strain during shearing (warm colors indicate positive deformation and cool colors indicate
negative deformation).
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