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Accurate volume/deformation measurement on triaxial
specimen using image-based method is challenging. The ma-
jor difficulty lies on the fact that the specimen is located in
a triaxial chamber filled with confining fluid and subjected
to significant distortion due to refraction. Becker et al. (2022)
presented a method to measure the deformation of soil spec-
imens during drained triaxial tests. Specifically, this method
utilized a single, external smartphone camera to capture im-
ages of a specimen within a triaxial chamber filled with wa-
ter. Several issues regarding the photographic correction, not
explicitly explained in Becker et al. (2022), are discussed.

Two photographs of a cylindrical soil specimen with a
diameter-to-height ratio of 1:2 in a triaxial cell are shown
in Figs. 1a and 1b. The left (i.e., Fig. 1a) is captured using an
external camera at a distance of approximately 80 cm away
from the specimen and the right is captured using the same
camera at a much shorter distance, approximately 15 cm. In
Fig. 1a, the specimen appears to be cylindrical and the dis-
tortion along the axial direction is not significant. However,
significant distortion along the radial direction does exist and
results in a reduction in specimen height/diameter ratio on
the photograph. At a short camera-to-specimen distance, as
shown in Fig. 1b, significant distortion along the radial direc-
tion can be easily identified. The distortion due to refraction
is not uniform and highly dependent on both endogenous
and exogenous causes. The endogenous cause is the shape of
the triaxial cell wall and confining fluid, the exogenous cause
is the incident angle of the optical ray from camera to spec-
imen, which is dependent on the relative position between
camera and specimen. Proper handling of the refraction is
considered as the key to an accurate volume/deformation
measurement on triaxial specimens. In Becker et al. (2022),
the photographic correction was made separately for the dis-
tortion in axial and radial directions.

Photographic correction along axial
direction

In Becker et al. (2022), the relative positions of the cam-
era, triaxial cell wall, and specimen are given as shown in

Fig. 2a. The photographic correction along the axial direction
is schematically addressed as follows: an optical ray travels
from the camera focus O, reaches the cell wall at E, the in-
ner wall at F, and then stopped at A on specimen surface. The
five angles (i.e., θ0–θ4) and the coordinates of E and F in Fig. 2a
are the unknowns. The Snell’s law can be applied for the re-
fraction at the air–cell and cell–water interfaces (i.e., eq. 1).
According to trigonometry, eq. 2 should hold. Together with
θ0 = θ1 and θ2 = θ3, those five angles can then be calculated
as shown in Fig. 2a. The θ5 can also be calculated with the
AD and OD. It should be noted that the virtual point of A is lo-
cated at A′ instead of B according to Butler et al. (2002). This is
the reason why when we look down into a pool of water from
above, the pool looks less deep than it really is. In addition,
the virtual specimen is not perfectly cylindrical on the pho-
tograph. Instead, the edge AD turns into a curved line A′ D′ as
shown in Fig. 2a, which is confirmed by Fig. 1b. It should be
noted that a longer camera-to-specimen distance is helpful to
reduce this distortion along the axial direction.

na · θ0/1 = nc · θ2/3, nc · θ2/3 = nw · θ4(1)

tan θ0/1 · OH + tan θ2/3 · GH + tan θ4 · GD = AD(2)

where, na, nc, and nw are the refractive indices of air, cell wall,
and water.

Becker et al. (2022) addressed that the ratio between the
apparent and real heights, Happ/Hreal = 1.0018. Actually, this
ratio should be equal to 1 since the height of the virtual spec-
imen is the same as that of the real specimen according to
Fig. 2a. Using the image plane where points E, H are located as
an example, the scale, which is the ratio between the appar-
ent (i.e., real height) and height of the specimen on the photo
(i.e., H1stphoto), = AD/EH = 1.029. At an axial strain of 15%, the
height of the specimen increased from 5.00 to 5.75 cm. Simi-
larly, new θ0, θ2, θ4 are calculated to be 3.298◦, 2.213◦, 2.476◦.
The height of the specimen on the photo (i.e., Hphoto, equiv-
alent to the updated EH) is 5.589 cm. With this Hphoto, and
the scale, the specimen height is calculated to be 5.75004 cm,
which confirms that a scale can be utilized to measure speci-
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Fig. 1. Photograph distortion due to refraction. men height along the axial direction at high accuracy even at
a strain level up to 15%, and the ratio between the apparent
and real heights, Happ/Hreal presented in Becker et al. (2022) is
not required.

Photographic correction along radial
direction

The photographic correction along the radial direction can
be performed using the two-dimensional refraction correc-
tion model proposed by Macari et al. (1997) for triaxial speci-
mens along the radial direction. To facilitate the calculation,
a two-dimensional coordinate system is built. The center of
the specimen O0, as shown in Fig. 2b, is set as the origin of
this coordinate system, x-axis is set to be horizontal and pass
through the focus of the camera (i.e., O), y-axis is set to be ver-
tical. An optical ray travels from the camera focus O, reaches
the cell wall at E, the inner wall at F, and then stopped at A

Fig. 2. Two-dimensional models for refraction correction.
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on specimen surface. Similarly, the five angles (i.e., θ0–θ4) and
coordinate of points A, C, E in Fig. 2b are the unknowns. For
the triangle O0AC, sinθ4 is equal to O0A/O0C since CA is tangen-
tial to the specimen surface. As a result, θ4 can be determined
based on O0A (i.e., the radius of the specimen) and O0C (i.e.,
the radius of the cell inner surface). We can give an initial
guess of ∠CO0D = θ5, and the coordinates of point C can be
calculated. By applying Snell’s law (Zhang et al. 2015) at the
cell–water interface, θ3 can be solved. With point C, θ3 and
θ5, the coordinates of point E and θ2 can then be obtained.
By applying Snell’s law at the cell–air interface, θ1 can then
be calculated. With θ1, ∠EO0O, and point E, the optical ray
EB can be built. According to Fig. 2b, this optical ray should
exactly pass through the focus of camera, O. With this con-
dition, θ5 (i.e., the initial guess) can be back-calculated and
the rest unknowns are updated in Fig. 2b. According to the
model proposed by Macari et al. (1997), the ratio between
the apparent and real diameters, Dapp/Dreal is determined
to be 1.4213 instead of 1.3301 as specified in Becker et al.
(2022).

Virtual point determination
As shown in Fig. 1, two photographs are subjected to signif-

icant distortions due to refraction and the specimen on the
photographs is virtual. A variation in camera orientation will
bring a different virtual specimen on the photograph (e.g.,
Fig. 1b and 1c). In other words, the virtual specimen is not
unique. According to Butler et al. (2002), the length of the
virtual optical ray is equal to the length of the actual optical
ray divided by the refractive index of water. With the help of
this, the location of the virtual specimen can be calculated.
Figure 2 schematically plots the position of the virtual speci-
men, which is consistent with that shown in Figs. 1b and 2c.

In summary, the use of ratios/scales for photographic cor-
rection is convenient for a quick specimen volume measure-
ment. However, errors will inevitably be generated due to the
way in handling refraction and these errors are highly de-
pendent on the match between the system set-up and refrac-
tion correction model as typically shown in Fig. 2. Besides, in
real measurements, the distortions are in three-dimensional
(3D) and the suitability of the two-dimensional refraction cor-
rection models in Fig. 2 is questionable. Aiming at a high-
accuracy volume/deformation measurement on triaxial spec-
imens, the multi-media photogrammetry with help of a ray
tracing technique (e.g., Zhang et al. 2015; Li et al. 2016,2021)
is recommended since it can rigorously handle 3D optical ray
refraction.
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