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Abstract

In 2015, a photogrammetry-based method was developed to measure soil deformation during triaxial testing with help of a
handheld camera. Since this development, the photogrammetry-based method has been well-recognized due to its sim-
plicity, low cost, and full-field deformation measurement capability. For better characterization of soil deformation during
triaxial testing, a simple technique is presented to further improve the accuracy of the photogrammetry-based method
through a calibration of four system parameters (i.e., cell wall thickness, refractive index of air, cell wall, and confining
media). To evaluate this technique, several tests were performed on a 61 x 122 mm stainless-steel cylinder inside of a
152 x 200 mm triaxial cell. Measurement results indicate that the average point measurement accuracy of the pho-
togrammetry-based was improved to 0.032 mm from 0.081 mm when the triaxial cell used was filled with water.

Keywords Optical ray tracing - Photogrammetry-based method - Triaxial test

1 Introduction

Both saturated and unsaturated soil triaxial tests require
soil volume measurement during testing. The measurement
of the unsaturated soil volume/deformation during triaxial
testing used to be a great challenge for researchers. In the
past, a great deal of research effort has been dedicated to
developing different methods such as the double-wall cell
(e.g. [3, 19]), local displacement transducers (e.g.,
[5, 6, 11]), laser [24], and volume controllers (e.g. [4, 13])
for soil volume/deformation measurement during triaxial
testing. However, as summarized in Laloui et al. [12] and
Zhang et al. [28], all of these methods have their limita-
tions and accurate unsaturated soil deformation measure-
ment during triaxial testing remained a great challenge for
researchers.

In 2015, a photogrammetry-based method was devel-
oped as presented in Zhang et al. [28] and Li et al. [16] and
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later successfully applied for unsaturated soil deformation
measurement during triaxial testing as reported in Li and
Zhang [14]. With this method, using a conventional satu-
rated soil triaxial testing system, the unsaturated soil vol-
ume/deformation during testing can be easily measured
with help of a handheld camera. Since this development,
the photogrammetry-based method has been well-recog-
nized for its simplicity, low cost, and full-field deformation
measurement capability. The newly developed pho-
togrammetry-based method overcomes most of the limita-
tions associated with the other image-based methods (e.g.
[1, 2,8, 17, 18, 21, 26]). With the photogrammetry-based
method, the conventional saturated soil triaxial testing
system can be used to characterize unsaturated soils with-
out any modification for deformation measurement. Fur-
thermore, the full-field soil deformation measurement
capability allows more advanced soil deformation charac-
terization such as volumetric strain non-uniformity, strain
localization, 3D bulging, and shear plane evolution of soils
during triaxial testing.

In addition to the overall soil volume change, recent
findings presented in Alshibli et al. [1], Rechenmacher and
Saab [20], Desrues and Viggiani [7], and Rechenmacher
[21] revealed that the localized deformation also played
important role in soil mechanical behavior. Sachan and
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Penumadu [25] stated that the strain localization was a
major factor which controlled the overall mechanical
response of soil, at or near failure. In view of this, signif-
icant research effort has been dedicated to characterizing
the localized soil deformation during triaxial testing (e.g.
[2, 10, 16, 17, 21, 22, 25, 27]). With the photogrammetry-
based method, localized strain can be easily extracted from
the full-field soil deformation. For the conventional volume
change measurement, there is no specific requirement on
the point measurement accuracy as long as the overall
volume measurement accuracy is within 0.25% [9]. How-
ever, different from the volume change measurement, the
requirement on the point measurement accuracy is much
higher for accurate characterization of strain localization.
This is because of strain is interpolated based on the
movement of each point on soil surface. As a result, high
point measurement accuracy is essential and critical for
strain localization and more advanced soil behavior
characterization.

Preliminary triaxial test results, as presented in Li et al.
[16], and Li and Zhang [14, 15] revealed that the mea-
surement accuracy of the photogrammetry-based method is
dependent on several factors such as camera, camera cal-
ibration, number of images, assumptions on triaxial cell
wall, setup of the measurement targets, and confining
media. This measurement accuracy can be improved
through using a suitable camera with an accurate calibra-
tion, more images, appropriate measurement target setup,
and transparent confining fluid with a high refractive index.
However, the measurement accuracy of the photogram-
metry-based method is still well below that of the pho-
togrammetric method. A simple technique is presented in
this study to further improve the accuracy of the pho-
togrammetry-based method through a calibration of four
system parameters (i.e. cell wall thickness, refractive index
of air, cell wall, and confining media). To evaluate the
proposed technique, several tests were performed on a
stainless-steel cylinder with/without triaxial cell and with
triaxial cell under different confining media conditions. A
comparison was then made between the photogrammetric
and photogrammetry-based methods to find out the four
best-fit system parameters which could lead to the highest
measurement accuracy.

2 Tests on stainless-steel cylinder

2.1 Camera calibration

The camera used for image capturing was Nikon D7500
with a fixed focal length lens (i.e., AF-S Nikkor 50 mm

f/1.4G). Before the photogrammetry-based measurement,
the camera was calibrated and the result is shown in
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Table 1 Camera calibration result

Parameter Before idealization After idealization
f (mm) 54.9184 54.9184
M (pixel) 5568 5568

N (pixel) 3712 3712
F, (mm) 23.9954 24.3649
F, (mm) 16.0000 16.2418
P, (mm) 12.0338 12.1824
P, (mm) 7.9991 8.1209
K, (1075 6.264 0

K> (1078 —1.257 0

P, (1079 0 0

P, (1079 0 0

Table 1. The idealized parameters as listed in Column 3
were used for the construction of light rays required by the
ray tracing process in the photogrammetry-based method.

2.2 Specimen preparation and triaxial testing

A stainless-steel cylinder (i.e. 61 mm in diameter and
122 mm in height, which is consistent with the size of a
typical triaxial soil specimen), as shown in Fig. la, was
fabricated to evaluate the point measurement accuracy of
the photogrammetry-based method. A total number of 234
measurement targets (18 targets/circle x 13 circles) were
posted to the cylinder surface, as shown in Fig. 1b, to
facilitate the measurements and following accuracy eval-
uation. The acrylic cell for the triaxial test apparatus, as
shown in Fig. 1c, was 200 mm in height, 150 mm in outer
diameter with a refractive index of 1.49.

The thickness of the triaxial cell wall was determined to
be 10.174 mm through measurements made at two ends
using a digital caliper as shown in Fig. 2. The thickness of
the cell wall was not uniform. To be specific, at the top end,
the thickness of the cell wall varied from 9.82 mm at 6:00
direction to 10.52 mm at 1:00 direction which indicated the
maximum difference of 0.70 mm. A similar thickness
variation was also found at the bottom end. A total number
of 105 measurement targets (in two circles (33 tar-
gets/circle) and three vertical stripes (13 targets/strip)),
which would be used to locate the camera stations through
photogrammetric analyses and reconstruct the cell wall,
were posted to the outer surface of the acrylic cell.

The experimental program for the system parameter
calibration included measuring the 3D positions of mea-
surement targets on the stainless-steel cylinder surface
using the triaxial cell under the following conditions: (1)
exposed in the atmosphere; (2) installed in the triaxial cell
without any confining fluid; and (3) installed in the triaxial
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(a) Stainless-steel cylinder; (b) Cylinder covered with targets; (c) Cylinder in triaxial cell

Fig. 1 Triaxial test setup
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Fig. 2 Cell wall thickness variation (mm)

cell with confining fluid. The 3D coordinates of the mea-
surement targets on cylinder surface measured using the
photogrammetric technique before the installation of the
triaxial cell provided a reference for measurement accuracy
evaluation. The tests were performed according to the
following procedure: (1) firmly fix the stainless-steel
cylinder on the pedestal of the triaxial cell; (2) capture
images to extract the 3D position of the targets on the
cylinder surface; (3) carefully install the triaxial cell and
capture images for photogrammetry-based measurement;
(4) fill the chamber with water and capture images for
photogrammetry-based measurement; (5) drain water out,
carefully remove the triaxial cell, and then capture images

10.43 \
10.38 10.43

10.20 10.40

10.22

10.08

to extract the 3D position of the targets on the cylinder
surface using the photogrammetric method to check if there
was any movement of the cylinder during testing.

3 Test results

With the help of a software package for photogrammetric
analysis, a 3D Cartesian coordinate system was established
to facilitate the measurement and accuracy evaluation
followed. In this coordinate system, the x—y plane was
parallel to the top and bottom surfaces of the stainless-steel
cylinder, the z direction was set to be the same as the axial
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direction of the cylinder, and the center of the coordinate
system was set to be at the center of the pedestal top sur-
face. With the images captured, a photogrammetric anal-
ysis was performed to reconstruct the triaxial cell surface
and the camera stations. Optical rays from each camera
station to the targets on specimen surface were then
reconstructed using the photogrammetry-based method. To
facilitate this reconstruction, four system parameters (i.e.,
refractive indices of air, cell, and water, cell wall thickness)
were respectively set to be 1.000, 1.491, 1.339, and
10.174 mm. Using the targets in the top row on specimen
surface (see Fig. 1b) as an example, Fig. 3 shows the top
view of the optical rays reconstructed using the pho-
togrammetry-based method for the measurement when the
triaxial chamber was filled with water. Two red circles
represent the inner and outer surfaces of the triaxial cell
wall. For some of the camera stations (e.g. CS;, CS;;, and
CS,,), the number of optical rays reconstructed were much
less than that from other camera stations. This was because
of the view to the specimen surface was blocked by the
targets on cell surface and three tie rods as typically shown
in Fig. lc. According to the enlargement as shown in
Fig. 3, an average number of seven optical rays were
reconstructed to measure the 3D coordinate of each target.

To measure the 3D coordinate of all targets on cylinder
surface, a total number of 1570 optical rays were con-
structed from different camera stations to the targets on
cylinder surface. With the optical rays constructed as typ-
ically shown in Fig. 3, a least square estimation was then
performed to best estimate the 3D coordinate of each tar-
get. A point-by-point comparison was then made between
the results from the photogrammetric (i.e., exposed in the
atmosphere condition) and photogrammetry-based (i.e.,
inside of the triaxial chamber with and without water as the

confining media) methods as shown in Fig. 4. Before sys-
tem parameter calibration, average point measurement
errors of 0.141 mm and 0.081 mm were computed
respectively for the air-filled and water-filled chamber
conditions. The point measurement error for the air-filled
chamber condition is much higher than the water-filled
condition which is consistent with the finding presented in
Li and Zhang [15]. It is interesting to find out that the
photogrammetry-based method tended to underestimate the
y value of the target coordinates before filling the chamber
with water. After filling the chamber with water, the
measurement error was nearly symmetrically along the
radial direction of the cylinder which indicated that one or
more of four system parameters adopted by the pho-
togrammetry-based method were not accurate.

4 System parameter calibration

With the images captured for the exposed in the atmo-
sphere before and after the measurement with the triaxial
cell on, a photogrammetric analysis was performed and the
3D coordinate of the targets on cylinder surface was
determined. Through a point-by-point comparison, the
average measurement error was determined to be 0.02 mm
and the direction of corresponding displacement vectors
was arbitrary. Thus, it’s reasonable to assume that there
was no movement of the cylinder during testing. Conse-
quently, the point measurement error for the cylinder inside
of the cell was attributed to the presence of cell wall and
confining media. With the measurement results from the
above-mentioned tests, a comparison was made between
the 3D coordinates of the targets measured in the atmo-
sphere and in the triaxial chamber with confining media

y | \ \ Cell Surfacé \\\\\' | | I\ ,;//
/ / | \ ‘ SR
/ \

~a -

Fig. 3 Optical rays from different camera stations to targets at the cylinder surface
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Fig. 4 Point measurement error distribution before system parameter calibration

condition. Figure 5a, b, respectively, shows the measure-
ment error distribution with different refractive indices of
water and air.

In Fig. 5a, when the refractive index of water increased
from 1.33 to 1.34, the average measurement error quickly
reduced from 0.091 mm to the minimum value of
0.032 mm at a refractive index of 1.336 and then increased
to 0.065 mm. At a refractive index of 1.34, the measure-
ment error is nearly symmetrically distributed along the
radial direction of the cylinder. Figure 5c, d, respectively,
show the variation of measurement error with different cell
wall refractive index and thickness. Similar to the influence
of water and air refractive indices, the measurement error
deceased to the minimum value and then increased with
increasing cell wall refractive index and thickness.
According to the calibration results presented in Fig. 5,
when the refractive indices of water, air, cell wall, and
thickness of cell wall were, respectively, 1.336, 1.0012,
1.494, and 10.32 mm, the average measurement error
reached the minimum value of 0.032 mm which was much
lower than 0.081 mm before the system parameter
calibration.

In the triaxial test on the stainless-steel cylinder per-
formed in this study, a total number of 24 images were
used for the measurement. Figure 6a illustrates the image
number used for the 3D coordinate estimation of each
target. The image number used for the measurement of
each target varied from three to nine. The measurement
accuracy at each target is plotted in Fig. 6b. The mea-
surement error for the 234 targets on cylinder surface was
within 0.12 mm. High measurement error zone is found to
be at the lower end. The high measurement error in this
zone is likely attributed to the variation in cell wall
thickness since the corresponding image numbers are rel-
atively high. Figure 6¢ presents the measurement error

versus the number of images used for each target. A linear
regression analysis indicated that the point measurement
error insignificantly decreased with increasing number of
images. As a result, improving the measurement accuracy
through increasing the number of images for the pho-
togrammetry-based analysis may not be a wise option
especially when the time required to processing those extra
images are taken into consideration. Figure 6d shows the
measurement error (i.e. distance between the target posi-
tion measured using the photogrammetric method before
the installation of the triaxial cell to the corresponding
optical ray) versus the incident angle of each optical ray
(1570 rays in total) before the refraction at the air-cell
interface. A lower incident angle is beneficial in reducing
the measurement error according to the linear regression
result. However, this influence of incident angle on the
point measurement accuracy is also insignificant. As a
result, the image capturing can be made at any arbitrary
angle without compromising the measurement accuracy.

5 Discussions

As addressed before, four system parameters are required
to be calibrated to improve the accuracy of the pho-
togrammetry-based method. According to the results pre-
sented in this study, the refractive index of the confining
media is the most critical parameter which can significantly
influence the accuracy of the photogrammetry-based
method. Among four parameters, the calibration on the
refractive index of the confining media should be made
first. Otherwise, the influence of other parameters can be
largely shaded due to an inaccurate confining media
refractive index which can possibly lead to an inaccurate
estimation of the other system parameters.
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Fig. 5 System parameter calibration

It should be mentioned that the parameters calibrated
may be slightly different from the measurement values. For
example, the cell wall thickness used in the photogram-
metry-based method is 10.320 mm instead of 10.174 mm
which was the average thickness of the cell wall measured
using a digital caliper. As a result, in terms of better
measurement accuracy, system parameters obtained
through direct measurement may not be the best for the
photogrammetry-based method.
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(d) Cell thickness calibration

According to Richerzhagen [23], besides light wave-
length, the refractive index of water is also dependent on
temperature. Consequently, the system setup for the cali-
bration test should be consistent with the triaxial testing on
soil specimens. To be specific, the same triaxial cell,
camera, lighting condition, confining fluid, and testing
temperature are recommended to be the same. For testing
using a new triaxial system, the calibration process for the
system parameters is strongly suggested for better mea-
surement accuracy.
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Fig. 6 Measurement error analysis
6 Conclusions

This study proposed a simple technique to calibrate the
system parameters required for the photogrammetry-based
method through triaxial testing on a stainless-steel cylinder.
The refractive index of the confining fluid, which is the
most critical parameter, is calibrated first to eliminate the
influence of inaccurate refractive index of confining media
on other parameters. The calibrations for the cell wall
thickness, refractive indices of air and cell wall were per-
formed thereafter. With this calibration technique, direct

0.12 mm
,"‘ 0.10 mm
o
W TR || 0osmm
a2 X
e ey oY
RSO oy
“V* w; 0.06 mm
' e: 0.04 mm
0.02 mm

(b) Measurement error at each target

0.12
o YT 0.0002x + 0.0226
0.08

0.06

Error (mm)

0.04

Incident angle (°)

(d) Influence of incident angle

measurement of four system parameters is no longer
required. Most importantly, the average point measurement
accuracy of the photogrammetry-based method is signifi-
cantly improved from 0.081 mm to 0.032 mm with the
proposed calibration technique.
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