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Abstract

Triaxial test has been widely used to investigate the stress—strain relationship of unsaturated soils. During triaxial testing,
soil volume is an essential parameter to be measured. For an unsaturated soil, due to the presence of air phase, accurate
volume/deformation measurement during triaxial testing was a great challenge for researchers. Recently, a photogram-
metry-based method has been developed to measure the soil volume/deformation during triaxial testing. Preliminary
triaxial test results indicate the new method is simple, accurate, and cost- and time-effective. However, some concerns
regarding its measurement accuracy and applicability, which are critical for the dissemination of the photogrammetry-
based method, have been raised by other researchers. These concerns were addressed in details in this study. The factors
concerning the deformation measurement accuracy were systematically evaluated through a series of triaxial tests on an
aluminum cylinder with different confining media and chamber pressures. A sensitivity analysis was carried out to
investigate the impact of the system parameters on the volume measurement accuracy of the photogrammetry-based
method. In addition, a triaxial test on a saturated sand specimen was conducted to evaluate the influences of mesh density,
mesh pattern, and interpolation technique on the volume change measurement accuracy. Finally, some suggestions were
provided to improve the accuracy of the photogrammetry-based measurement method.

Keywords Optical ray tracing - Photogrammetry-based method - Triangular mesh - Triaxial test - Unsaturated soil -
Volume change

1 Introduction monitoring the water volume change. However, for an

unsaturated soil, due to the presence of air phase, its vol-

Triaxial test has been widely used to investigate the stress—
strain relationship of both saturated and unsaturated soils.
During triaxial testing, soil volume is an essential param-
eter to be measured. For a saturated soil, its volume change
is equal to the water volume change. As a result, the soil
volume change can be directly measured through

X} Lin Li
Ilil0@alaska.edu

Xiong Zhang
zhangxi@mst.edu

Department of Civil Engineering, University of Alaska
Anchorage, Anchorage, AK 99508, USA

Department of Civil Architecture, and Environmental
Engineering, Missouri University of Science and
Technology, 135 Butler-Carlton Hall, Rolla, MO 65409,
USA

ume change is no longer equal to the water volume change.
As a result, the conventional volume change measurement
method for saturated soils cannot be applied to unsaturated
soils. In the past few decades, several methods have been
developed to measure the soil volume/deformation for
unsaturated  soils  during triaxial testing (e.g.,
[2, 4-8, 10, 11, 15, 17, 18, 21, 25, 26]. However, as
summarized in [16] and [27], all these methods have their
limitations and accurate unsaturated soil volume change
measurement during triaxial testing remained a great
challenge for researchers.

With the development in digital cameras, photogram-
metry has been getting more and more attractive for lab-
oratory soil deformation measurement during triaxial
testing [12—14, 22, 27] due to its low cost and high mea-
surement accuracy. In [22] and [20], a multi-camera pho-
togrammetric method was proposed to measure the
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deformation of unsaturated soils during triaxial testing. In
this method, 10 pinhole cameras were mounted to the
inside of a triaxial chamber. Soil deformation during test-
ing was measured through capturing a series of images
around the specimen using the pinhole cameras with the
help of a track system. Then, a photogrammetric analysis
was performed on the captured images to extract the soil
deformation characteristics during testing. The usage of the
internal cameras (i.e., cameras inside of the triaxial cell)
eliminated the need of refraction correction which was
required by the other image-based methods (e.g.,
[4, 10, 17, 27]. Due to the adoption of photogrammetry, the
deformation measurement during triaxial testing was sim-
ple and straightforward. However, there are several limi-
tations associated with this multi-camera photogrammetric
method: (1) The pinhole cameras used are not commer-
cially available. The user needs to make a selection on
existing board cameras and determine the suitable pinhole
size for a different triaxial system setup; (2) the pinhole
cameras, before each test, needs to be saturated to elimi-
nate the refraction due to the air inside the camera body.
This camera saturation process is considered to be very
critical for an accurate soil deformation measurement; (3) a
significant system modification on the existing triaxial test
apparatus is required for the camera installation (i.e., build
two camera towers) and image capturing (i.e., build a track
system and a data acquisition system). As a result, the
system setup required by the multi-camera photogram-
metric method was more complicated than all other image-
based methods; (4) the captured images are in very poor
quality due to the low resolution of the pinhole camera.
Therefore, the accuracy of the photogrammetric measure-
ment using blurry images is questionable. Since each image
only covers a small area of the specimen, hundreds of
images are required for a single volume measurement; and
(5) the multi-camera photogrammetric analysis using
hundreds of images captured by 10 cameras with different
calibration results is extremely complicated and time-
consuming as reported in [20]. Due to the above-mentioned
limitations, accurate soil deformation measurement during
triaxial testing using this multi-camera photogrammetric
method is neither practical nor efficient even though the
measurement principle is theoretically sound.

1.1 A photogrammetry-based method

A novel photogrammetry-based method [12, 14, 27, 28]
has been developed and successfully applied to measure
the soil volume/deformation during triaxial testing. The
photogrammetry-based measurement is achieved through
accurate determination of each optical ray from the cor-
responding camera station to the measurement target on the
soil surface inside the triaxial cell. The principle of the
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photogrammetry-based method is schematically shown in
Fig. 1.

To measure the volume of an unsaturated soil specimen
during triaxial testing using the newly developed pho-
togrammetry-based method, a series of images (typically
between 25 and 30) are captured for the conventional tri-
axial testing system using a hand-held digital camera.
Images can be taken from any arbitrary directions or
shooting angles as long as the adjacent images have suf-
ficient overlap as typically shown in Fig. la. The camera
stations where the images are taken and the geometric
properties of the triaxial cell are accurately determined
through a photogrammetric analysis. With the pixel posi-
tions of points on the images, the corresponding optical
rays from each camera station to the cell surface are con-
structed as typically shown in Fig. 1a. When these optical
rays reach the cell surfaces (i.e., outer and inner surfaces),
they change their directions due to refraction. The Snell’s
law is then adopted to accurately calculate the directions of
the optical rays after refractions at the air—cell and cell-
fluid interfaces as shown in Fig. 1b. For a specific mea-
surement target “P” on the soil surface, multiple optical
rays from different camera stations can be constructed.
Subsequently, the three-dimensional (3D) coordinates of
the point are determined through a least-square estimation
technique using the optical rays after the refraction at the
cell-fluid interface as shown in Fig. 1c. With the 3D
positions of all the targets on the soil surface at different
loading steps, the soil deformation characteristics during
loading can then be extracted as typically presented in [14].

The newly developed photogrammetry-based method is
significantly different from all other image-based methods
as summarized in [14]. The major advantage of the pho-
togrammetry-based method is that no modification on the
triaxial system is required for soil volume/deformation
measurement. As a result, other than the complicated
double-walled cell triaxial system, the conventional triaxial
cell, designed to test saturated soils, can be directly used to
characterize unsaturated soils which is in great significance
for the laboratory tests on unsaturated soils. Besides the
volume measurement, this method was also capable of
measuring the full-field strain distribution, volumetric
strain non-uniformity, strain localization, 3D bulging, and
shear plane evolution of soils during triaxial testing [14].
Preliminary triaxial test results, as reported in [27] and
[14], indicate that the photogrammetry-based method is
simple, accurate, and cost- and time-effective. The average
point and volume measurement accuracies were evaluated
to be approximately 0.07 mm and 0.1%, respectively.
However, some concerns were raised regarding the accu-
racy and applicability of the method and possible problems
during the ray tracing process as presented in [23]. These
concerns were briefly addressed in [28] without extensive
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Fig. 1 The photogrammetry-based method (modified from Li et al. [13]): a system setup; b Snell’s law; and ¢ least-square estimation

experimental evidence. Some system parameters such as
the acrylic cell size and the cell wall thickness, which vary
in different triaxial test apparatus, indeed have influences
on the measurement accuracy. These influences have never
been thoroughly investigated since the proposed pho-
togrammetry-based method is still very new. In addition,
the photogrammetry-based method was developed for the
purpose of measuring the deformation of unsaturated soils
during triaxial testing. Besides water, in some cases, air,
silicone oil, and some other fluids could also be used as the
confining medium in triaxial tests (e.g., AASHTO T307
[1], ASTM D7181 [3, 22]. The use of a different confining
medium can result in a change in the refractive index
which inevitably affects the accuracy of the optical ray
tracing process. As a result, the impact of the refractive
index of the confining medium on the measurement accu-
racy needs to be evaluated. In the previous study [14], the
soil volume was calculated through triangular meshes
generated using the measurement targets on the soil sur-
face. The influences of the mesh density, mesh pattern, and
interpolation technique on the accuracy of the soil volume

measurement were also questioned by some researchers
[23] and have never been evaluated. Therefore, there is a
great need to further evaluate the accuracy and influence
factors of the photogrammetry-based method when used
for triaxial deformation measurements.

A series of tests on an aluminum cylinder under dif-
ferent confining medium and chamber pressure conditions
were performed in this study to: (1) evaluate the point
measurement accuracy of the photogrammetry-based
method under different confining media (i.e., air, water,
and silicone oil); (2) evaluate the impact of the system
parameters (i.e., refractive indices of air, cell wall, and
confining fluid and the thickness of the triaxial cell wall) on
the overall volume measurement accuracy; and (3) further
address the problems regarding the photogrammetry-based
method raised by Salazar and Coffman [23]. In addition, a
drained triaxial test on a saturated sand specimen was
performed to evaluate the influence of mesh density, mesh
pattern, and interpolation technique on the overall volume
measurement accuracy. Finally, some suggestions are
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provided to improve the accuracy of the photogrammetry-
based method.

2 Evaluation tests on an aluminum cylinder
2.1 Specimen preparation and triaxial testing

An aluminum cylinder (71 mm in diameter and 142 mm in
height, which is consistent with a typical triaxial soil
sample size), as shown in Fig. 2a, was fabricated to eval-
uate the point and volume measurement accuracy of the
photogrammetry-based method. A total number of 260
measurement targets (20 targets/circle x 13 circles) were
posted to the cylinder surface to facilitate the measure-
ments and the following analysis. An acrylic cell used in
this study, as shown in Fig. 2b—d, was 304 mm in height,
165 mm in outer diameter, and 9.70 mm in thickness with
a refractive index of 1.491. A total number of 324 mea-
surement targets (in 6 circles (45 targets/circle) and 3
vertical stripes (18 targets/strip), which would be used to
determine the camera stations and reconstruct the cell wall,
were posted to the outer surface of the acrylic cell.

The experimental program included measuring the 3D
positions measurement targets on the aluminum cylinder
surface under the following conditions: (1) exposed in air
as shown in Fig. 2a and (2) installed in the triaxial cell as
shown in Fig. 2b—d under 0, 200, 400, and 600 kPa
chamber pressures with air, water, and silicone oil as the
confining media. Since the modulus of elasticity of alu-
minum is 69 GPa, it was reasonable to assume the alu-
minum cylinder to be rigid under a confining pressure less
than 600 kPa. As a result, the 3D positions of the mea-
surement targets on cylinder surface measured using the
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photogrammetric technique before the installation of the
triaxial cell provided a good reference for measurement
accuracy evaluation. The tests were performed according to
the following procedure: (1) firmly fix the aluminum
cylinder on the pedestal of the triaxial cell; (2) capture
approximately 25 pictures images to extract the 3D posi-
tion of the targets on the cylinder surface; (3) carefully
install the triaxial cell; (4) capture images at different
chamber pressures (i.e., air pressure at 0, 200, 400, and
600 kPa); (5) release the air pressure in the cell and then
slowly fill up the cell with water; (6) capture images at
different chamber pressures (i.e., water pressures at 0, 200,
400, and 600 kPa); (7) drain the water out and fill the cell
with silicone oil; and (8) capture images from different
orientations at different chamber pressures (i.e., oil pres-
sures at 0, 200, 400, and 600 kPa).

2.2 Cell wall deformation under pressure

Typical images of the triaxial chamber with different
confining media (i.e., air, water, and silicone oil) are pre-
sented in Fig. 2b—d. It is interesting to find that the diam-
eter of the same aluminum cylinder appeared to be
different in the same triaxial cell when filled with different
confining media. The aluminum cylinder in the air-filled
chamber appeared to be much smaller than that in the
chamber when filled with water or silicone oil. This was
because the cell surface was curved in the circumferential
direction and the refractive indices of air (i.e., 1.000), water
(i.e., 1.339), and silicone oil (i.e., 1.407) were different
from each other. The higher the refractive index, the larger
the distortion of the specimen in the radial direction.
Meanwhile, the height of the cylinder appeared to remain
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Fig. 2 Evaluation tests on the aluminum cylinder: a in air; b in air-filled chamber; ¢ in water-filled chamber; and d in silicone oil-filled chamber
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the same as shown in Fig. 2b—d because the cell surface
was relatively straight in its axial direction.

With the images captured after the cell installation, a
photogrammetric analysis was performed to determine the
camera stations where the images were captured. A typi-
cally example of the camera stations is shown in Fig. 3a in
which a total number of 30 images were captured around
the triaxial system at O kPa chamber pressure when the
silicone oil was used as the confining fluid. The camera
stations were labeled as “CS”. Besides this, the 3D posi-
tions of the targets on the surface of the acrylic cell wall
were also determined with known camera stations. With
these targets, the locations of the acrylic wall could be
determined. The acrylic was assumed to be barrel shaped,
and the maximum cell wall radii under different chamber
pressures and confining medium conditions were obtained
through a least-square method as described in [27] and
plotted against the chamber pressure as shown in Fig. 3b.
With increasing chamber pressure, the radius of the triaxial
cell continually increased from 82.98 to 83.10 mm under
air-, water-, and oil-filled chamber conditions. With the
applied chamber pressure and the thickness and radius of
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Fig. 3 Triaxial test under different chamber pressure and confining
medium conditions: a camera station for image capturing; b cell
radius variation

the cell wall, the hoop stress in the acrylic cell was cal-

culated using the following equation:

o =" (1)
t

where P = internal chamber pressure, ¢ = acrylic cell wall

thickness (i.e., 9.7 mm), r = mean radius of the triaxial

cell, and gy = circumferential or hoop stress.

The hoop stress under different chamber pressures was
calculated and is listed in Table 1. Under a chamber
pressure of 600 kPa, the hoop stress (in tension) in the cell
wall was 4.84 MPa which was much less than the yield
strength of acrylic (i.e., 70 MPa). As a result, the response
of cell diameter was nearly linear (i.e., elastic) as shown in
Fig. 3b. With the hoop stress and the Young’s modulus of
3.2 GPa, the theoretical strain in the acrylic cell wall under
different chamber pressures was calculated and is listed in
Table 1. Besides this, the strain in the acrylic cell wall was
also calculated based on the variation of cell radius under
different chamber pressure and confining medium condi-
tions as summarized in Table 1. The strain measured in the
acrylic cell wall was in agreement with the calculated
strain which indicated that the cell radius variation under
different chamber pressures, which was neglected in all
other image-based methods, could be captured by the
photogrammetry-based method.

Using the images captured before the installation of the
triaxial cell, the 3D coordinates of the measurement targets
on the cylinder surface were measured through pho-
togrammetric analyses at an accuracy of 0.0l mm as
evaluated in [27]. Besides this, with the 3D coordinates of
the measurement targets on the cylinder surface, assuming
to be deformable and barrel shaped, the orientation of the
cell wall under different confining fluid and pressure con-
ditions was reconstructed. Then, the 3D positions of the
targets on the cylinder surface were determined through the
optical ray tracing and least-square estimation techniques.
Since the optical ray tracing process in a 3D space
according to the Snell’s law, which is a theoretical equation
instead of an empirical one, the accuracy of the pho-
togrammetry-based measurement was supposed to be equal

Table 1 Theatrical and measured strain of the acrylic cell wall

Chamber Hoop stress  Strain ~ Measured strain (%)
ssure (kPa kPa %

pressure (kPa) (kPa) (%) Air- Water-  Oil-
filled filled filled

0 0 0.000  0.000 0.000 0.000

200 1612 0.050  0.056 0.035 0.039

400 3226 0.101 0.109  0.080 0.087

600 4840 0.151 0.145 0.135 0.133
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or at least comparable to the accuracy of the photogram-
metric method (i.e., 0.01 mm). However, this was not the
truth according to the measurement results presented in
previous studies (i.e., [14, 27] in which the accuracy of the
photogrammetry-based method used in multi-media was
much lower than that of the photogrammetric measurement
in one medium condition. It should be noted that this
accuracy reduction was a result of coupling effect of sev-
eral factors such as assumptions on triaxial cell wall, and
refractive indices of the cell and confining medium. These
influence factors were carefully evaluated as follows.

2.3 Influence of assumptions on triaxial cell wall

To facilitate the photogrammetry-based analysis and the
optical ray tracing process, the refractive indices used for
air, cell wall, water, and silicone oil under different pres-
sures (i.e., 0—-600 kPa) were 1.000, 1.491, 1.339, and 1.407
which were determined through a least-square estimation.
With the 3D coordinates of the targets on the cylinder
surface measured under different conditions (i.e., exposed
in the air and in the triaxial cell filled with air, water, and
silicone oil), a comparison of point measurement accuracy
was made between the results obtained from the pho-
togrammetric (i.e., before installation of the triaxial cell)
and photogrammetry-based (i.e., after installation of the
triaxial cell) analyses as shown in Fig. 4. The measurement
accuracy at different chamber pressure and confining
medium conditions was represented by the color of the
points. The overall point measurement error of the pho-
togrammetry-based method when water (Fig. 4b) or sili-
cone oil (Fig. 4c) was used as the confining medium was
less than that of the air-filled cell condition (Fig. 4a). At
different chamber pressure and confining medium condi-
tions, the high measurement error was always found to be
at the right side of the cylinder and the low error was at the
left side. Also, for the same confining medium, the error
distribution patterns under different chamber pressures
were similar to each other as shown in Fig. 4a—c. The
reasons for this repeatable error distribution pattern were
attributed to: (1) the assumption on the cell surface which
was best fitted by an equation represented a barrel-shaped
surface. Using the targets at the bottom circle (see Fig. 2b)
as an example, Fig. 5a presents the distances (i.e., fitting
error) between those targets and the reconstructed cell
surface. The error distribution indicated that the cross
section of the triaxial cell was slightly elliptical rather than
circular; and (2) the assumption of a uniform thickness
(i.e., 9.7 mm) was not consistent with the real cell wall
thickness which varied from 9.40 to 9.89 mm according to
digital caliper measurement results. Figure 5b presents the
thickness of the cell wall at different locations which
showed that the upper left side of the cell was slightly
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thicker than the lower right side. Due to the geometrical
imperfection of the cell, the assumptions on cell wall shape
and thickness inevitably resulted in errors in the optical ray
tracing process and the subsequent point measurement
results. Consequently, the measurement accuracy of the
photogrammetry-based method was dependent on the rep-
resentativeness of the equation for the cell surface. To be
specific, if the cell surface was assumed to be cylindrical or
barrel shaped, the accuracy was highly dependent on the
cell roundness and uniformity in thickness. With a higher
machining accuracy (cylindrical with a uniform thickness),
the accuracy of the photogrammetry-based method could
be definitely improved.

The point error (i.e., distance between the points mea-
sured by the photogrammetric analysis and photogram-
metry-based analysis) was used as a statistical measure of
the accuracy to of the photogrammetry-based method.
These point measurement errors under different confining
medium conditions are summarized in Table 2. The overall



Acta Geotechnica (2019) 14:559-574

0.2
g@ 0o
@ o (mm)
® o
@ 00
.' e 01
. @
® @
. @
@ ®
¢ 0.0
*
o. . .
®
.‘ .
® @ -0.1[
@ o
.‘00. e @ 7
-0.2

(a)

565
9.9
. ® *e gy
* @ (mm)
. [¥)
. @
. o
» e 98
. o
. o
. o
. o
o 9.7
o
.. o _
® OO
*e ©  96[ |
b o
oege 0@ -
9.5

(b)

Fig. 5 Cell wall reconstruction: a distance between the targets and the reconstructed cell wall surface and b cell wall thickness at different

locations

Table 2 Point measurement accuracy

Confining Cell pressure 0 200 400 600
medium (kPa)
Point measurement accuracy (mm)
Air Average 0.210 0.208 0.197 0.213
STD 0.141 0.098 0.120 0.123
Water Average 0.138 0.137 0.161 0.147
STD 0.080 0.089 0.103 0.099
Waterigid cell Average 0.140 0.140 0.160 0.144
STD 0.079 0.089 0.102 0.099
Oil Average 0.136  0.149 0.114 0.117
STD 0.077 0.095 0.059 0.068

point measurement error increased from 0.01 mm (i.e.,
accuracy of the photogrammetric method as reported in
[27]) to 0.13, 0.15 and 0.21 mm when silicone oil, water,
and air were used as the confining medium. Compared with
the average point measurement error of 0.07 mm as pre-
sented in [27] when water was used as the confining fluid,
the accuracy obtained in this study was nearly doubled or
tripled for the water- and oil- and the air-filled chamber
conditions, respectively. Besides the influence of the
assumption on cell wall, one of the major reasons for this
was the triaxial cells used were different. In [27], a
101.6 mm in diameter acrylic cell was used, while in this
study, the acrylic cell used was 166 mm in diameter. As
indicated in the previous study, the thickness of the older
acrylic cell was not uniform as well. The measurement
error during the optical ray tracing process would be

magnified with an increase in the optical ray traveling
distance due to the error induced by the imperfection of the
cell wall. This problem can, however, be easily solved by
using a better acrylic cell at relatively low cost.

In the other image-based methods (e.g., [4, 10, 15, 17],
the cell wall was assumed to be perfectly rigid and cylin-
drical which is different from the assumption of deform-
able and barrel shaped used in the photogrammetry-based
method. The assumption of a rigid and cylindrical cell was
not consistent with the real cell shape and would inevitably
introduce error to the measurement. To evaluate the
influence of this assumption on the overall point mea-
surement accuracy, the optical ray tracing analysis was also
performed with an assumption of a perfectly cylindrical
cell with constant thickness and diameter. Using the mea-
surement when the chamber was filled with water as an
example, the measurement difference between using the
perfectly cylindrical cell and deformable barrel-shaped cell
surface was well below 0.01 mm according to the results
summarized in Table 2 which was considered to be neg-
ligible for triaxial soil deformation measurement. It seems
the small protrusive deformation in the vertical direction at
the center of the acrylic cell has little influence on the
accuracy of the measurement. However, it should be noted
that this conclusion is valid only when the following con-
ditions are satisfied: (1) The cell wall surfaces are accu-
rately reconstructed; (2) the cell deformation under
pressure is negligible; and (3) multiple rays from different
camera stations are used for the measurement of a single
point. In the conventional image-based methods (e.g.,
[4, 10, 15, 17], the triaxial cell position was manually
controlled, the cell deformation under pressure was
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unknown, and only one optical ray was used for the mea-
surement of a single point on the soil surface. In other
words, none of the above conditions was satisfied in the
conventional image-based methods. Using the camera
station 10 as shown in Fig. 3a as an example, the influence
of an inaccurate cell position on the point measurement
accuracy was analyzed as follows.

To be consistent with the conventional image-based
methods (e.g., [4, 10, 15, 17], a 2D coordinate system was
built as shown in Fig. 6. The corresponding image at
camera station 10 is shown in Fig. 2d. There were five
columns of targets that can be clearly identified as shown in
this image. With the photogrammetry-based method, the
cell position and shape as well as the camera station were
accurately reconstructed based on the principle of pho-
togrammetry (e.g., [12, 14]. The optical rays for those
targets were then constructed from the corresponding
camera station to the cylinder surface after refractions as
typically shown in Fig. 6. Meanwhile, the incident angles,
@, and @, at the air—cell and cell-oil interfaces for the
optical ray tracing process were calculated and are sum-
marized in Table 3. For the same optical ray, the ¢; was
always greater than ¢, due to the refraction at the air—cell
interface. Since the measurement targets on the cylinder
surface were accurately measured using the photogram-
metric method before the installation of the triaxial
chamber, the point measurement error in x-axis direction
(the distance between the point “p” and the corresponding

Shift I mm

\

Shift -1 mm

N

Specimen
0

\/

Triaxial cell

vy

\\47 Optical ray

Fig. 6 Measurement error due to inaccurate cell position
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optical ray as shown in Fig. 6) was also determined as
shown in Table 3. The average error for the targets in five
columns was generally within 0.05 mm in x-axis direction.
To simulate an inaccurate cell position, the reconstructed
cell surface was then shifted £ 1 mm along the x-axis
direction. Subsequently, the optical ray tracing process was
performed using the shifted cell surface. The incident
angles and error obtained were also summarized in
Table 3. A shift of the reconstructed cell surface along x-
axis direction caused a slight increase or decrease in the
incident angles depending on the shift direction. Also, a
significant increase in the measurement error from
0.01 mm to approximately 0.234 mm was identified for the
targets in column 1 due to the change in incident angles.
The comparisons made above indicated that the pro-
posed photogrammetry-based method has good tolerances
for non-perfect testing conditions since the camera orien-
tations and location of the acrylic cell accurately deter-
mined by photogrammetry and the coordinates of the
measurement points were obtained from least-square opti-
mization using multiple optical rays from different camera
stations. In contrast, the accuracy of the conventional
image-based methods highly depends on whether the
assumptions made are satisfied. Those conditions in reality
are very difficult to meet, and a small deviation from the
assumed conditions will lead to unacceptable errors.

2.4 Influence of cell wall cleanliness

One concern raised by Salazar and Coffman [23] was the
measurement accuracy of the photogrammetry-based
method can be influenced by the cleanliness of the cell
wall. In the photogrammetry-based method, for a single
image as typically shown in Fig. 2d, many optical rays
could be constructed and traced from the corresponding
camera station to the cylinder surface as shown in Fig. 7a
which clearly shows that some of optical rays to the
cylinder surface were missing as indicated by the gap
between optical rays. This was because of the frame rod
and its shadow, as shown in the corresponding image (i.e.,
Fig. 2d), blocked the light ray to some of the targets on the
cylinder surface. Besides the frame rod, the optical rays to
the cylinder surface could also be blocked by the targets or
stain on the cell surface or covered by the white reflection
area due to camera flash. However, for the photogramme-
try-based method, at least three images were used to
measure the 3D position of a single target. As long as the
target on the cylinder surface could be “seen” on the other
images, its 3D position could still be accurately determined
using the least-square estimation technique. As a result, the
concern regarding the cleanliness or geometrical imper-
fections of the acrylic cell raised by Salazar and Coffman
[23] was not a problem at all. This is because the stains are
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Table 3 Measurement error due to inaccurate cell positions
Column @1 (°) ®2 (°) Error (mm)
Shift 0 + 1 mm — 1 mm Shift 0 + 1 mm — 1 mm Shift 0 + 1 mm — 1 mm
1 27.75 27.11 28.39 20.65 20.19 21.12 0.010 0.234 —0.217
2 19.92 19.31 20.52 14.92 14.47 15.37 0.010 0.204 — 0.187
3 9.57 10.13 9.02 7.12 7.55 6.69 0.009 0.117 —0.131
4 18.30 18.92 17.68 13.71 14.18 13.25 0.009 0.102 — 0.108
5 26.30 26.97 25.63 19.61 20.09 19.12 — 0.045 0.044 — 0.140
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Fig. 7 Ray tracing process: a ray tracing from one camera station; b ray tracing to a single target from different camera stations

just like the targets posted on the acrylic wall which can
only block the light to the cylinder surface at certain angle.
Figure 7b shows a typical optical ray tracing process for a
single target on the cylinder surface. This target was
identified on 12 different images and not “seen” in the rest
of more than a dozen images. However, it does not have
any impact on the proposed photogrammetry-based
method. As shown in Fig. 7b, a total number of 12 light
rays were constructed and traced to the cylinder surface.
The 3D position of this target could still be accurately
determined even though some of those 12 light rays were
missing (i.e., blocked by the frame rod, the targets and stain
on the cell surface, or the white area caused by camera
flash).

(b)

2.5 Influence of confining media refractive index

In this section, the volume measurement accuracy was
utilized to evaluate the influences of the refractive index of
the confining medium. To calculate soil volume, the tri-
angular meshes were generated using the targets on the
cylinder surface. The corresponding cylinder volumes at
different chamber pressure and confining medium condi-
tions were calculated as shown in Fig. 8 using the method
presented in [14].

Since the point measurement accuracy of the pho-
togrammetric method in the air was very high [27], it is
reasonable to assume the volume measurement results of
the aluminum cylinder when exposed in air to be the “true”
volume. Comparing with this volume, the average volume
measurement accuracy (defined as the measurement error
divided by the cylinder volume) of the photogrammetry-
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Fig. 8 Cylinder volumes measured under different chamber pressure
and confining medium conditions

based method was 0.092 and 0.03% when water and sili-
cone oil were used as the confining medium, respectively.
The volume measurement accuracy also did not vary sig-
nificantly at different chamber pressures.

As shown in Fig. 8, when the air was used as the con-
fining medium, the volume measurement accuracy was
lower than that of the water- or oil-filled cell condition with
chamber pressure greater than 200 kPa. The major reason
for this measurement accuracy variation was attributed to
the refractive indices of air, water, and silicone oil. It is
well known that a material refractive index will vary with
the light wavelength (e.g., [9]. A change in the lighting
condition, which means a change in the wavelength of
light, can result in a change of refractive index. Waxler and
Weir [24] reported that the water refractive index would
change at different pressure and temperature conditions. A
pressure change from 0 to 25,832 kPa resulted in a change
of water refractive index from 1.33423 to 1.33805 at
7.64 °C under the same lighting condition. In this study, all
tests were conducted at a nearly constant room temperature
of 23 °C. The chamber pressure only varied from 0 to
600 kPa. The camera built-in flash was used as the light
source for all tests. As a result, it was reasonable to assume
a constant refractive index of water during triaxial testing.
The refractive index of the silicone oil used was also
assumed to be constant since no evidence showed that its
refractive index would vary with pressure. As presented in
Fig. 8, no significant volume measurement accuracy vari-
ation was identified when water or silicone oil was used as
the confining liquid which verified the rationality of the
assumption on the refractive indices of water and silicone
oil. However, unlike water and silicone oil, according to
Owens [19] and Edlén [9], the refractive index of air would
increase with increasing pressure and decreasing humidity
and temperature. Since the refractive indices of air under a
pressure ranging from O to 600 kPa at the room tempera-
ture were not exactly known, the air refractive index was
also assumed to be constant for the optical ray tracing
process in this study. The assumption of a constant air
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refractive index resulted in an increase in volume mea-
surement error from 0.0 to 0.31% when chamber pressure
increased from 0 to 600 kPa as presented in Fig. 8. How-
ever, this relatively high measurement error at a chamber
pressures greater than 400 kPa didn’t necessarily mean that
the air could not be used as the confining media for the
triaxial test. Theoretically, as long as the accurate refrac-
tive indices of air at different pressure, humidity, and
temperature conditions were known, the accuracy of the
photogrammetry-based method can definitely be improved
for the air-filled chamber condition. Since the volume of
the cylinder was accurately determined through the pho-
togrammetric method when exposed in the air, this volume
was utilized to best-estimate the refractive index of air at
chamber pressures of 200, 400, and 600 kPa through the
least-square method. This best estimation was performed
by minimizing the difference between the measured vol-
umes at different air-filled chamber pressure and exposed
in air conditions through varying air refractive indices. The
corresponding best-fit air refractive indices at chamber
pressures of 200, 400, and 600 kPa were determined to be
1.0017, 1.0019, 1.0025, respectively. The increase in air
refractive index because increasing pressure is consistent
with the findings presented in [19] and [9].

2.6 Sensitivity analysis

When using the photogrammetry-based method to measure
soil deformation during triaxial testing, besides the
assumption on the cell shape, some system information
including camera information, acrylic cell wall thickness,
refractive indices of confining medium and acrylic cell wall
is also required for the optical ray tracing process. Camera
information which includes image sensor size, pixel num-
bers, focal length, and several distortion parameters can be
accurately determined through camera calibration as pre-
sented in [27]. The acrylic cell wall thickness, refractive
indices of the confining fluid and acrylic cell wall are three
external parameters which can influence the accuracy of
the photogrammetry-based measurement. Using the cell
filled with water as an example, a sensitivity analysis was
performed to clarify the influence of three parameters on
the overall volume measurement accuracy. The refractive
indices used for water (i.e., n,,) and triaxial cell wall (i.e.,
ne,) were 1.339 and 1.491, respectively. The cell wall
thickness used was 9.70 mm. For the sensitivity analysis, a
specific range (i.e., 1.336—1.342 for water refractive index
“ny”, 1.488-1.494 for cell wall refractive index “n.”, and
9.40-10.00 mm for cell wall thickness “#”’) was assigned to
each parameter. To eliminate the coupling effect, each
time, one of three parameters was set to be a variable and
the other two parameters remained to be constants. The
sensitivity analysis results are presented in Fig. 9 where the
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abscissa scale is different for each parameter with its values
shown in the legend.

As can be seen in Fig. 9, the measured cylinder volume
decreased with an increase in cell wall thickness, water and
cell refractive indices. Since the thickness of cell was much
less than the “thickness” of water (i.e., distance between
the cell inner surface and the cylinder surface), the
refractive index of water has the most significant impact on
the overall volume measurement accuracy when comparing
with the other two parameters.

3 Evaluation test on a saturated sand
specimen

3.1 Specimen preparation and triaxial testing

To accurately measure the volume change of a deforming
soil, besides the accurate determination of the system
parameters as discussed above, the number of the mea-
surement targets on the soil surface is also considered to be
critical. A drained triaxial shearing test was performed on a
saturated sand specimen to further evaluate the volume
measurement accuracy of the photogrammetry-based
method. The same triaxial cell used for the tests on the
aluminum cylinder was also used for the sand specimen.
Oven dried fine sand (particle size ranging from 0.075 to
0.425 mm) was used to fabricate a sand cylinder (71 mm in
height and 126 mm in diameter). After compaction, the
sand specimen was carefully mounted to the pedestal of the
triaxial cell. A 50 kPa vacuum pressure was applied to hold
the sand specimen in place during sealing. A total number
of 252 measurement targets (21 targets/circle x 12 circles)
were then posted to the membrane which covered the sand
specimen as shown in Fig. 10a. Two circles of measure-
ment targets were posted on the top cap, and the pedestal to
ensure the volume change of the specimen was covered by
the measurement targets as shown in Fig. 10a. The triaxial
cell was installed and filled with tap water after posting the
measurement targets. The saturation process was consistent
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Fig. 9 Sensitivity analysis results

Qa

with that presented in [27]. When a B value of 0.95 was
reached, the sand specimen was considered to be saturated.
The de-aired water was then allowed to enter the saturated
sand specimen from the bottom to replace the original
water, which was air rich and would suffer from water
cavitation problem. Drained triaxial shearing test was then
performed after this water replacement.

A vertical displacement rate of 0.2 mm/min was applied
to the saturated sand at a net confining pressure of 50 kPa.
During loading, drainage valve was kept open to allow
water exchange. The volume change of the specimen was
recorded by monitoring the amount of water exchange. At
different vertical displacement levels (i.e., 0, 2, 4, 6, 8, 10,
13, 16, and 20 mm), the drainage valve was shut off to
ensure there was no soil volume change during the sub-
sequent image capturing process. For each volume mea-
surement, approximately 25 images were captured. The
validation test was stopped when a total displacement of
20 mm was reached. Figure 10a—c shows the images of the
specimen at axial displacement levels of 0, 10, and 20 mm,
respectively. The 3D coordinates of the measurement tar-
gets on the soil surface at different axial displacement
levels were obtained using the photogrammetry-based
method. The triangular meshes were then built using the
3D position of those targets at different axial displacements
as shown in Fig. 11. The soil specimen was cylindrical at
the initial stage, and there was no obvious change in soil
shape when the axial displacement reached 2 mm. With
increasing axial displacement, the soil specimen gradually
bulged into barrel shaped which was consistent with the
pictures as shown in Fig. 10. This shape variation was
reasonable since the friction between the soil specimen and
the loading platens (or pedestal) restrained the soil from
deforming along the radial direction at both ends.

3.2 Test results and data analysis

The volume changes of the soil specimen were recorded
using the conventional method through monitoring the
water exchange and the photogrammetry-based method
based on the obtained triangular meshes as shown in
Fig. 11. A volume change comparison between two
methods at different axial displacement levels is presented
in Fig. 12. Both results indicated that the soil volume
continuously increased with an increase in the axial dis-
placement. The measurement results from two methods
matched well except a slight variation at the axial dis-
placements of 10 and 13 mm.

The soil volume changes of the saturated sand specimen
were calculated based upon the obtained triangular mesh.
Different meshes could be generated if the number of the
measurement targets for mesh generation was different. As
a result, different volume change results were expected due
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to the use of different meshes. With the 3D coordinates of =~ four meshes at different axial displacement levels are
measurement targets on the soil surface, four triangular ~ summarized in Table 4 and plotted in Fig. 12.

meshes using all or part of the targets on soil surface were The mean absolute volume change measurement error of
generated as shown in Fig. 13 for volume change calcu-  four meshes was within 0.16%. However, variations of
lation. The total numbers of the measurement targets used ~ measurement error did exist among different meshes. The
for triangular mesh generation were 252, 132, 110, and 88, volume change results obtained using meshes A and B with

respectively. The volume change results obtained using  target numbers of 252 and 138 were more close to the
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water volume measurement result. Theoretically, the
meshes generated using more targets tended to provide
more accurate volume measurement results which were
consistent with the volume change results summarized in
Table 4. In other words, more targets on the soil surface are
always beneficial for accurate soil volume/deformation
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detection during triaxial testing. This is because the
obtained triangular mesh, as typically shown in Fig. 13a, is
a better representation of the real soil surface when more
targets are used. However, this doesn’t necessarily mean
the photogrammetry-based method cannot be used when
less targets are used. Under this situation, the measurement
accuracy can be potentially improved by adopting a dif-
ferent volume calculation or interpolation technique rather
than using the triangular mesh obtained through directly
connecting adjacent targets with straight lines. Using mesh
D as an example, to be more consistent with the real soil
shape, different from the triangular mesh, the soil cross
section was fitted with a circle using the targets at nearly
the same height. In this way, the soil was divided into
seven layers. Then, together with the average thickness of
each layer, the soil volumes were calculated as summarized
in Table 4. With this volume calculation method, using the
same 88 targets on soil surface, the overall volume change
measurement accuracy was reduced to 0.123% as listed in

Mesh A Mesh B Mesh D
Fig. 13 Volume calculation using different meshes
Table 4 Volume measurement accuracy using different meshes and interpolation techniques
Displacement (cm) Soil volume (cm3) Volume change (cm3 )
Water volume method Photogrammetry-based method
Mesh A Mesh B Mesh C Mesh D Curved D
0 506.88 0 0 0 0 0 0.00
0.2 508.15 1.27 0.73 0.73 0.6 0.38 0.31
0.4 511.6 4.72 4.31 4.44 4.11 3.78 3.82
0.6 515.44 8.56 8.22 8.59 8.3 7.82 8.03
0.8 519.22 12.34 12.07 12.68 12.53 11.91 12.28
1 523.97 17.09 15.97 16.73 16.4 15.69 16.10
1.3 529.02 22.14 21.19 22.34 22.21 21.04 21.61
1.6 533.47 26.59 26.12 27.39 27.38 25.86 26.53
2 538.12 31.24 31.47 33.04 33.39 31.49 32.33
Mean absolute error - - 0.104% 0.103% 0.128% 0.156% 0.123%
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column 8 of Table 4 which was better than 0.156% for
mesh D. Besides the target number, interpolation tech-
nique, and volume calculation method, the volume mea-
surement accuracy can also be influenced by the pattern of
the mesh due to the deformation non-uniformity of the soil.
That was the reason why the volume measurement accu-
racies using meshes A and B with different target numbers
were very close. Theoretically, under isotropic loading
condition, since soil deformation was relatively uniform,
fewer measurement targets could be used during triaxial
testing with acceptable volume measurement accuracy.
However, during triaxial shearing, soil deformation could
be significantly non-uniform according to the results pre-
sented in [14]. Under this situation, if the soil deformation
is axisymmetric, to achieve a high volume measurement
accuracy, more targets are suggested to be posted along the
axial direction of the soil rather than the circumferential
direction. If the soil deformation is neither uniform nor
axisymmetric, more targets are suggested to be posted
along both the axial and circumferential directions of the
soil specimen.

4 Suggestions for accuracy improvement

According to the presented test results, the photogramme-
try-based method proved to be accurate for soil volume/
deformation measurements during triaxial testing. Theo-
retically, as long as the triaxial cell wall is accurately
reconstructed and the refractive index of the cell wall and
confining fluid are accurately known, the accuracy of the
photogrammetry-based method is supposed to be equal to
0.01 mm which is considered to be the accuracy of the
photogrammetric measurement as reported in [27]. In other
words, there is still room to improve the accuracy of the
photogrammetry-based method. Several suggestions are
listed as follows for this accuracy improvement:

1. The camera used is clearly very important for any
photogrammetric measurement. Whether a camera is
suitable for photogrammetry measurement depends on
several factors (e.g., focal length, image sensor reso-
lution, reliability, and cost). A digital single-lens reflex
camera with a fixed focal length lens is recommended.

2. Measurement accuracy is dependent on the camera
calibration. Image quality, camera position, and the
number of images used can influence the calibration
result. Different calibration results will produce dif-
ferent measurement results. The image idealization
process, which is required when constructing the
optical rays based on the pinhole camera model,
requires using the lens distortion parameters, format
size, and perspective center location of the image
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sensor. All these parameters are extracted from the
camera calibration. Different camera calibration results
can introduce different pixel positions of the measure-
ment targets on the idealized images. Camera orien-
tation results can also be affected by camera
calibration results due to the variations in focal length
of the lens and format size of the image sensor. As a
result, the camera used must be calibrated before the
photogrammetric measurement if high measurement
accuracy is to be achieved.

An assumption of barrel-shaped cell surfaces (i.e., the
outer and inner surfaces) is made for the triaxial cell
reconstruction. Since the cell wall surfaces are the
refractive interfaces, an accurate optical ray tracing
highly relies on the representativeness of the barrel-
shaped surface. To reduce the error from the optical
ray tracing process, a transparent and cylindrical
triaxial cell with a uniform thickness is highly
recommended. However, when this cell is not avail-
able, measurement error during the optical ray tracing
process cannot be avoided. To improve the measure-
ment accuracy, this error can potentially be eliminated
or at least reduced through calibration. For example,
the measurement error distribution pattern can be
determined using a rigid cylinder through photogram-
metric and photogrammetry-based methods for the
exposed in the air and inside of the triaxial chamber
conditions, respectively. The obtained error is then
subtracted in the photogrammetry-based measurement
result. If accurate system parameters such as refractive
indices of the confining fluid and cell wall and cell wall
thickness are not available, a least-square method can
be applied to find the “best” combination of the
system parameters by minimizing the differences
between the measurement results obtained with and
without the triaxial cell conditions.

Due to the assumption on the cell wall and its
geometrical imperfection, error is introduced to optical
ray tracing. This error will be magnified with an
increase in the optical ray traveling distance in the
triaxial cell. As a result, to increase the measurement
accuracy, for the same soil sample, a smaller triaxial
cell is always preferred; for the same triaxial cell, a
larger soil sample is preferred as long as the soil
deformation during testing is not restricted by the cell
wall.

The refractive index of the confining fluid is an
important factor that can significantly influence the
volume measurement accuracy as previously dis-
cussed. According to the result presented, the overall
point measurement accuracy when silicone oil was
used as the confining fluid was the better than the
water-confined condition. Therefore, silicone oil,
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water, or some other transparent liquids, with constant
refractive indices under a relatively low pressure range
(typically less than 1000 kPa), are recommended to be
used as the confining medium. Another benefit of using
silicone oil or water as the confining fluid is the
obtained images are in better clarity due to the
magnification effect of refraction. High-quality images
are always beneficial for accuracy of the photogram-
metry-based measurements.

6. High-quality images with large depth of field are
preferred to minimize the marking error for the
photogrammetric analysis and optical ray reconstruc-
tion. Therefore, during image capturing, with the built-
in flash, the camera used is recommended to be set at a
low ISO level (less than 400), small aperture size (F-
stop number of 9 or higher), and high shutter speed
(< 1/160 s). In this way, high-definition images can be
captured.

7. The least-square method is used to estimate the 3D
coordinates of the measurement targets on the soil
surface. To reach high measurement accuracy, more
images from different view angles and positions are
suggested to be captured. For a single target on the soil
surface, at least five optical rays are recommended to
be utilized for the least-square estimation.

5 Conclusions

A series of triaxial tests was conducted on an aluminum
cylinder with different confining media (i.e., air, water, and
silicone oil) and chamber pressure conditions. With the
results from these tests, the influences of the assumptions
on the triaxial cell wall, cell wall cleanliness, and refractive
index of the confining medium on the accuracy of the
newly developed photogrammetry-based method were
evaluated. Triaxial tests were also performed on a saturated
sand specimen to evaluate the influences of number of the
targets on soil surface, pattern of the triangular mesh,
interpolation technique, and deformation characteristic.
Several findings are listed as follows:

1. Since multiple optical rays were used for the mea-
surement of a single point, the measurement accuracy
would not be significantly influenced by the obstacles
such as cleanliness of the cell wall, the targets on cell
surface, the cell frame rods, and the white area caused
by camera flash. More images could be captured at
different view angles to compensate the missing rays
due to the presence of these obstacles without
compromising the measurement accuracy.

2. The sensitivity analysis results revealed that the
refractive index of the confining medium had the most

significant impact on the overall volume measurement
accuracy when comparing with the other two system
parameters (i.e., refractive index and thickness of the
cell wall). So, the refractive index of the confining
medium is recommended to be measured or back-
calculated.

3. The validation test on the saturated sand specimen
indicated that the volume change measurement accu-
racy can also be influenced by the number of the
measurement targets on the soil surface, pattern of the
triangular mesh, interpolation technique, and deforma-
tion characteristic of the soil during testing. The
triangular mesh, especially for those created using few
measurement targets, is not always the best option for
the soil volume calculation. Under this situation, the
soil volume change accuracy can be improved through
an interpolation using those targets.

The point and volume measurement accuracies of the
photogrammetry-based method presented in this and pre-
vious studies were higher when comparing with the other
methods. The presence of the photogrammetry-based
method, with the all-around deformation measurement
capability, openned a new window for more advanced and
in-depth soil behavior characterization (e.g., the relation-
ship between strain localization and soil strength, localized
stress—strain relationship for constitutive modeling, and 3D
finite element analysis with node by node displacement
boundary condition).
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