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Abstract: In this study optical flow method is used for soil deformation measurement in 
laboratory tests. The main objective was to observe how the deformation distributes along the 
whole height of cylindrical soil sample subjected to torsional shearing (TS test). The 
experiments were conducted on dry non-cohesive soil samples under two different values of 
isotropic pressure. Samples were loaded with low-amplitude cyclic torque to analyze the 
deformation within the small strain range (0.001–0.01%). Optical flow method variant 
developed by Ce Liu (2009) was used for motion estimation from time-ordered series of images. 
This algorithm uses scale-invariant feature transform (SIFT) for image feature extraction and 
coarse-to-fine matching scheme for faster calculations. The results show that while the 
displacement values change approximately monotonically along sample’s height, displacement 
field is very different for samples under different isotropic pressure. Moreover, the deviations 
from assumed linearity distribute differently during different stages of the same TS test. 

Keywords: granular materials; soil; small displacement measurement; torsional shear; optical flow. 

1. Introduction

Soil as a natural granular material displays complex mechanical behavior. It can react to a 
loading differently depending on many factors like grains sizes and shapes, density or moisture 
content. Despite soil’s granular composition it is not uncommon that for structural design purposes 
it is considered to behave like a continuous material [2-4]. For simplification many models assume 
that some initial part of soil deformation path is purely elastic [5-9]. As most of the soil-structure 
interactions are within the small strain range (0.001 – 0.01%) [10,11] this simplification is very useful 
and it can even be a satisfactory approximation for simple and typical engineering problems. 
However, research shows that even the initial deformation part in soil can be more complex than 
that [12-15] and the soil response to stress in small strain range is not yet properly described. 

To learn more about the nature of the soil mechanical response research needs to be oriented on 
very precise laboratory testing and observation of processes taking place in sample during the test. 
Yet devices for soil mechanical laboratory testing usually allow to measure only the resultant value 
of e.g. sample deformation. And those resultant values are often a basis for further soil parameter 
evaluation (like soil stiffness parameters). As far as that approach is easy to use and accessible even 
for non-experts, the tests do not provide us with any information about material mechanical 
behavior inside the sample. It is a known fact that different stress distributions can give the same 
resultant value measured near the boundary [16] and deformation at one point of the material 
sample does not indicate the deformation distribution within the whole sample. To take a 
measurement inside a soil sample sensors can be attached to the specimen locally inside the 
laboratory testing device. However, in order to learn more about the distribution of measured value 
one should rather use methods like X-ray computed tomography, magnetic resonance imaging 
(which in most cases is not economically justified) or various optical methods [17-20]. 

Due to the extreme importance of observation of deformations of soils tested in geotechnical 
laboratories, research in this field is carried out using contact and non-contact measurement 
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techniques. Among them there are techniques for investigating soil displacement patterns [21], 
wireless chemiluminescence-based sensors [22] fiber Bragg grating sensors [23], particle image 
velocimetry (PIV) and photogrammetry [24]. This article presents the results of the research on the 
applications of optical flow for measuring small strains in non-cohesive granular material subjected 
to torsion. 

The of optical flow is a visual experience caused by the relative motion of the observer and 
objects in the environment. The phenomenon is most often defined as “the distribution of apparent 
velocities of movement of brightness pattern in an image” [25]. The optical flow concept came from 
the studies on animal’s visual perception by American psychologist James J. Gibson in the 1950s [26]. 
The apparent motion of objects in the animal’s field of view provides information about the spatial 
arrangement of the objects in space and the rate of change of this arrangement [25]. 

The research on the optical flow applications focuses strongly on motion estimation and video 
compression aspects. It is widely used in robotics for object detection and tracking or movement 
detection [27]. As the optical flow concept is a major aspect of a human (animal) vision, the 
technique is also adopted for development of machine vision [28]. The optical flow-based techniques 
are intensively developed and used for a wide spectrum of different purposes like fault detection in 
production processes [29], intelligent vehicle navigation [30], micro air vehicles control [31], 
structural displacement monitoring [32] and many more (see [33-35]). 

In this study a method based on the optical flow is used for measuring soil deformation during 
torsional shearing (TS) test. Torsional shearing of soil cylindrical samples is a well-known soil 
testing method commonly used in geotechnical engineering from the 1930s. Initially tests based on 
torsional shearing were performed mainly to obtain information about mechanical properties of 
soils and rocks subjected to cyclic loads, especially seismic loads. The resonant frequency of the 
sample subjected to torsional vibrations allows for estimation of shear modulus G and damping ratio 
D. Those parameters can be evaluated using the elastic wave propagation theory. Laboratory devices
for performing such tests are called resonant columns (RC) and were invented in Japan by Ishimoto
and Iida [36] and (independently) in the USA by Birch and Bancroft [37]. Since the 1960s the resonant
column has been widely used in studies of dynamic behavior of soils and rocks. In the 1990s,
modifications in the device control system led to the invention of torsional shear (TS) apparatus. The
TS device has found wide application in soil research under low frequency cyclic load conditions
[38]. Currently, geotechnical laboratories around the world are equipped with a combined version of
the RC and TS devices called multifunction RC/TS apparatus. Such a device is widely used for
dynamic characterization of soils, especially for damping and stiffness measurements [39-43],
applying nonlinear vibration analysis [44], the study of special granular materials (as micaceous
sands [45]) and studies including hardware modifications (i.e. for the large strains [46] or permanent
deformations in small strain range [47]). The originally modified construction of RC/TS apparatus
working in TS mode is used in the research presented in this paper.

This paper present the results of soil displacements measurement with optical flow method. 
Dry non-cohesive soil cylindrical samples were subjected to low-amplitude cyclic torque, so that 
small strains could be analyzed. The main focus of the conducted experiments was to observe the 
displacements distribution along the whole sample’s height and verify the linearity assumption.  

2. Materials and Methods

2.1. Torsional Shearing device 

The TS device used in this study is produced by Wykeham Farrance (model WF8500). Figure 1 
presents the components of the device. 
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Figure 1. Components of RC/TS apparatus [48]. 

In TS mode a cylindrical soil sample is subjected to torque T which changes harmonically. It 
results in a sample twist measured by proximity transducers (Figure 2). The load frequency is below 
1 Hz (typically 0.01 Hz, in modified version of the motor driver/controller even 10-5 Hz including 
different torque excitations signals like sinusoidal, trapezoidal, triangular-saw etc.). 

(a) (b) 

Figure 2. (a) Torsional shearing of cylindrical soil sample (r - sample radius,  - sample reduced 
radius, H - sample height,  - twist angle,  - shear strain, T - torque); (b) Theoretical hysteresis loop 
of shear stress-strain relationship in cyclic shearing test ( - shear stress, G - Kirchhoff's modulus) 
[49]. 
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The measured torque and twist angle allow calculation of tangential stress and shear strain which 
are then used for Kirchhoff's modulus G estimation. Precise control of small torque amplitudes 
allows studying of soil behavior in small strain range (0.001 – 0.01%) which is typical for commonly 
encountered soil-structure interactions [10,11]. 

Figure 2(b) shows an idealized stress–strain relation obtained for cyclic load (symmetric 
periodic waves) of a predetermined amplitude. The obtained stress–strain relations form a hysteresis 
loop. The soil’s mechanical response in form of the hysteresis loop indicates that the material 
accumulates elastic energy of reversible deformations but loses some energy due to damping. The 
lost part of energy is equal to the work done by applied external force (the torque). What’s important 
is that the results interpretation is based on the assumption that the soil reacts like a continuous 
viscoelastic material. During the test the shearing angle is measured only in the sample cross-section 
near its upper end. The deformation is assumed to be linearly distributed along the sample’s height. 
However, there is no evidence that the sample always deforms proportionally over its entire height 
(see Figure 3). In this study a method of surface displacements observation using optical flow is 
proposed to verify this assumption. 

 
(a) 

 
(b) 

Figure 3. (a) The TS device; (b) Result of optical measurement of phosphorescent markers during TS 
test with visible non-displaced points [50]. 

2.2. Material used in tests 

A few types of granular, non-cohesive materials were selected for the study, which were 
prepared according to [51] (the specimen was prepared from pre-formed non-cohesive soil 
fractions). However, for a greater clarity the results for specimens made of one type of soil are 
presented (results for the other types do not differ much in terms of quality). The properties of soil 
selected for further analyses are summarized in Table 1. The shape of grains is shown in Figure 4. 
Figure 5 presents grain size distribution of tested material. 

Table 1. Parameters of tested soil 

Soil type Gs [-] d50 [mm] d60 [mm] d10 [mm] d90 [mm] CU [-] e [-] [g/cm3] 

sand 2.65 0.33 0.35 0.22 0.55 1.6 0.50 1.76 
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(a) 

 
(b) 

Figure 4. Tested material. Grains in magnification (a) on a black background; (b) on a white background. 

 

Figure 5. Grain size distribution in the tested material (d - equivalent particle diameter, Z - 
cumulative less than indicated size, dZ - volume share per particle size interval). 

2.3. Optical flow estimation 

In this section we describe two approaches of determining the displacement field using recognition of 
spatiotemporal patterns of image intensity, brightness [52] and color [27, 53] flow techniques. 

2.3.1. Brightness optical flow 

The optical flow methods use time-ordered image sequences to estimate the motion (velocities or 
discrete displacements) of objects in the image series. The methods use partial derivatives with respect 
to the spatial and temporal coordinates to calculate objects’ current velocity. 

To describe the motion between two image frames taken at points t and 𝑡 + ∆𝑡 in time at every 
position on a 3D grid the optical flow methods use Taylor series approximations of the object motion 
trajectory. 

In camera-centered coordinates each point in a 3D space moves along a 3D path. When projected 
onto the image plane each point moves along a 2D path. Considering the 2D+t case, when image pixels 
with coordinates (𝑥ଵ, 𝑥ଶ, 𝑡) and intensity 𝐼(𝑥ଵ, 𝑥ଶ, 𝑡) move by ∆𝑥ଵ, ∆𝑥ଶ over time ∆𝑡, a new image is 
obtained 𝐼(𝑥ଵ + ∆𝑥ଵ, 𝑥ଶ + ∆𝑥ଶ, 𝑡 + ∆𝑡). It is assumed that pixel intensities are constant between the 
frames (the brightness constancy constraint)  
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𝐼(𝑥ଵ, 𝑥ଶ, 𝑡) = 𝐼(𝑥ଵ + ∆𝑥ଵ, 𝑥ଶ + ∆𝑥ଶ, 𝑡 + ∆𝑡), (1)

as the movement is assumed to be small. Removing higher order terms from the Taylor series 

𝐼(𝑥ଵ + ∆𝑥ଵ, 𝑥ଶ + ∆𝑥ଶ, 𝑡 + ∆𝑡),

= 𝐼(𝑥ଵ, 𝑥ଶ, 𝑡) +
𝜕𝐼

𝜕𝑥ଵ

∆𝑥ଵ +
𝜕𝐼

𝜕𝑥ଶ

∆𝑥ଶ +
𝜕𝐼

𝜕𝑡
∆𝑡 + ℎ𝑖𝑔ℎ𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 𝑡𝑒𝑟𝑚𝑠 (2)

we get 

𝜕𝐼

𝜕𝑥ଵ

∆𝑥ଵ +
𝜕𝐼

𝜕𝑥ଶ

∆𝑥ଶ +
𝜕𝐼

𝜕𝑡
∆𝑡 = 0 (3)

Dividing (2) by ∆𝑡 we obtain the optical flow equation 

𝜕𝐼

𝜕𝑥ଵ

𝑢ଵ +
𝜕𝐼

𝜕𝑥ଶ

𝑢ଶ +
𝜕𝐼

𝜕𝑡
= 0, (4)

where 𝑢ଵ = ∆𝑥ଵ ∆𝑡⁄  and 𝑢ଶ = ∆𝑥ଶ ∆𝑡⁄  are the components of the velocity, 𝜕𝐼 𝜕𝑥ଵ⁄ , 𝜕𝐼 𝜕𝑥ଶ⁄   and 
𝜕𝐼 𝜕𝑡⁄  are the image gradient components along the horizontal axis, the vertical axis, and time. 

As there are two unknowns (𝑢ଵ, 𝑢ଶ) and only one equation (4) the problem cannot be solved 
without introducing additional constraints. To address this issue the optical flow methods are using 
different additional equations (e.g. global smoothness constraint, known as Horn-Schunck method 
[25] or constant flow in a local neighborhood, known as Lucas-Kanade method [54]). 

Apart from the Gradient-Based methods many methods of optical flow estimation are used to 
approximate motion field from time-varying image intensity including correlation, block-matching, 
feature tracking or energy based methods. Despite the differences between optical flow techniques, 
many of them generally follow three processing stages listed below [55]. 
1. Pre-filtering or smoothing with low-pass/band-pass filters in order to extract signal structure of 

interest and to enhance the signal-to-noise ratio. 
2. Extraction of basic measurements such as spatiotemporal derivatives (to measure normal 

components of velocity) or local correlation surfaces. 
3. Integration of these measurements to produce a 2D flow field which often involves assumptions 

about the smoothness of the underlying flow field. 
 
A major drawback of the Gradient-Based Estimation method is its sensitivity to conditions 

commonly encountered in real imagery. Highly textured regions, motion boundaries and depth 
discontinuities might be troublesome. In practice, for the observed brightness (image intensity) of any 
object point to be constant over time the following conditions need to be satisfied 
 surface radiance remains fixed from one frame to the next, 
 non distant point source (object) , 
 light distance is constant or changing the distance has no effect, 
 no object rotations, 
 no secondary illumination. 
In experiments performed in this study the aforementioned conditions were satisfied. 

  

2.3.2. Color optical flow 

The color optical flow was first mentioned in the work of Ohta [56] and the first proposal of methods 
for solving the optical flow constraint equation extended to color images can be found in [57] (see [53]). 

The optical flow analysis of color images has three main advantages 

 the color can as well be treated in the same way as shades of gray, 
 the color components can carry additional information about the position of the analyzed points 

on the compared images, 
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 the color components can be processed independently of each other. 
Considering the last aspect of possible analyzes of optical color flow the optical flow equation (4) can 
be applied to each color channel. That is, each component of color represented in a specific color space 
creates an individual differential equation analogous to (4), fulfilling the color conservation 

𝛻𝐼(𝒙, 𝑡)஼ ⋅ 𝒖 + 𝐼(𝒙, 𝑡)஼ = 0, (5)

where 𝒙 = (𝑥ଵ, 𝑥ଶ) is the displacement, 𝒖 = (𝑢ଵ, 𝑢ଶ) is the velocity and the subscript 𝐶 denotes the 
analyzed color component in the color space. The most commonly used color spaces are RGB, HSV, 
YUV, HSL, CMYK, CIEXYZ, CIELab, CIELUV etc. 
Andrews & Lovell [53] proposed two methods for achieving a solution of the problem reducing the 
number of equations by disregarding the selected color component or using optimization techniques 
(i.e. least squares).  

2.3.3. Scale-Invariant Feature Transform method (SIFT) 

Scale Invariant Feature Transform is an algorithm for local feature detection in images. The 
method was originally developed by David G. Lowe in 1999. It is used in computer vision for image 
matching and object recognition. The information about the local image features extracted by SIFT 
algorithm is invariant to scale, translation and rotation in the image domain [58]. SIFT can be used to 
measure velocities, displacements and deformations based on the analysis of local features of recorded 
image series. The method consists in finding similarities in the analyzed images basing on 
distinguished features. Those features are characteristic patterns of pixels, usually found on high 
contrast regions like edges and peaks. 

The SIFT algorithm starts with selection of potential location for finding features. When the 
feature keypoints are localized the rotation invariance is achieved by assigning orientation to the 
keypoints. The obtained keypoints are recorded as a high dimensional feature vectors called SIFT keys. 
This approach transforms an image into a large collection of the SIFT keys. Each of them is invariant to 
image translation, scaling, 3D projection. As author highlights [58] method is also less sensitive to 
projective distortion and illumination change, which is a significant advantage over other similar 
methods. 

Ce Liu in his Ph.D. thesis in 2009 [1] proposed a SIFT flow method which was formulated just like 
the optical flow but instead of the pixels’ RGB values the SIFT descriptors were used for matching 
between image frames. SIFT method was used for feature extraction purposes. Every pixel was 
assigned the 128-D vector containing information about the pixel’s nearest neighbors. 

When matching two “SIFT images” (features) 𝑠ଵ  and 𝑠ଶ  the goal is to minimize an energy 
function 𝐸  of displacement 𝒘(𝒑) = (𝑢(𝒑), 𝑣(𝒑)), where 𝒑 = (𝑥, 𝑦) is a pixel. The 𝑢(𝒑) and 𝑣(𝒑) 
values are limited to integers so the number of possible states is significantly reduced. The following 
form of the energy function is introduced (similar to optical flow)  

𝐸(𝑤) = ෍ 𝑚𝑖𝑛 ቀฮ𝑠ଵ(𝒑) − 𝑠ଶ൫𝒑 + 𝒘(𝒑)൯ฮ
ଵ

, 𝑑ଵቁ + ෍ 𝜂(|𝑢(𝒑)| + |𝑣(𝒑)|)

𝒑𝒑

+ ෍ 𝑚𝑖𝑛(𝛼|𝑢(𝒑) + 𝑢(𝒒)|, 𝑑ଶ) + 𝑚𝑖𝑛(𝛼|𝑣(𝒑) + 𝑣(𝒒)|, 𝑑ଶ)

(𝒑,𝒒)∈ఌ

 
(6)

where 𝜀 is a set of neighborhoods of 𝒑 and 𝑑ଵ, 𝑑ଶ are thresholds. The energy function consist of 
three components. The first term is for finding pixels with similar SIFT descriptors in the next frame. 
The second term ensures that pixels found are close to 𝒑 (i.e. 𝒘(𝒑) is as small as possible). And the 
third term constraints the set of solutions so that flow of pixels from neighborhood of 𝒑 is similar to 
𝒘(𝒑) (smoothness term). 

 
The method consists in the successive search for all possible variants of displacement of the 

analyzed pixel structure which can take a lot of time (more than 2h for a pair of 256×256 images with a 
16GB memory usage [1]). Ce Liu has simplified the algorithm by applying coarse-to-fine matching 
scheme. Instead of analyzing all the possibilities of movement in detail, it is searching for larger 
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structures (coarse) and for similarities (fewer opportunities) first, and then for the details (fine). This 
approach significantly shorten the time of the necessary calculations (for the same pair of images it 
took about 30 s on a two quad-core 2.67 GHz CPUs and 32 GB memory [1]). 

The coarse-to-fine matching not only speeds up the process but also minimize energy function 
better in most cases compared to the ordinary scheme [1]. 

 
Figure 6. The coarse-to-fine SIFT flow matching scheme [1].  

 
The idea of coarse-to-fine SIFT flow matching is illustrated in Figure 6. The searching for the 

best match starts at the least detailed image version 𝑠(ଷ). Lowered image resolution makes the 
general direction of movement easier to find. Also the search window 𝑐ଷ (the gray square) centered 
on the point 𝑝ଷ is relatively large compared to the image size 𝑚 × 𝑚. The flow vector 𝑤(𝑝ଷ) is 
propagated to more detailed images 𝑠(ଶ) then 𝑠(ଵ) and it can be more precisely determined with 
every step. Searching the whole area of the original picture 𝑠(ଵ) would be far more time-consuming. 
This procedure significantly lowers the level of computational complexity what results in faster 
calculations. 

The source code of Ce Liu’s SIFT flow is publicly available [1]. Since the program needs some 
human assistance with managing the image layers and objects properly, the graphical user interface 
allows the user to easily specify some of the key aspects of motion analysis. In more detail, the user can 
define layer configurations, objects contours, specify the depth of each object. The user needs to specify 
those at one or several key frames and the program automatically tracks the contours for the rest of the 
frames. 

Author mentions that object tracking process can go wrong unless the occlusion is modeled 
properly. The system allows the user to change the depth of the object which is automatically 
interpolated with a smooth depth function. HSV color space (see Figure 7 and interesting HSV 
manipulations in [59]) has been applied to indicate the depth, by fixing S (saturation) and V (value) as 
255, and letting H (hue) reflect the depth value. Warmer color (closer to red) indicates smaller value of 
depth, closer to the camera, whereas colder color (closer to blue) indicates larger value of depth, 
further of the camera. 

m x m s(3) n x n s(2) 

p2 

n x n 

p1 

c2 

w(p2) w(p3) 

p3, c3 c1 

w(p1) 

s(1) 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


9 
 

 
Figure 7. HSV color space used for occlusion handling (for value V=1). 

2.4. Specimen preparation 

A cylindrical soil specimen was formed using a template with latex membrane installed inside it. 
Each cylindrical specimen was compacted with a hand rammer in five layers of dry sand, taking care 
not to damage the texture covering the lateral outer surface of the membrane (Figure 8). Each specimen 
had diameter 𝐷 = 70 𝑚𝑚 and height 𝐻 = 140 𝑚𝑚. 

 
Figure 8. Soil specimen in latex membrane covered with fine pattern 

Optical displacements tracking requires a pattern consisting of light and dark points on the 
sample surface (see Figure 8). To satisfy this requirement the texture covering the membrane was 
prepared by first applying a thin primer of white paint and then gently spraying black paint, trying to 
get the highest contrast between the neighboring points. It should be noted that the paint layers were 
so thin that they did not change the mechanical properties of the latex membrane. However, it was 
noted that despite the use of waterborne paints, long-term contact of the paint (e.g. over 2 months) led 
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to chemical degradation of latex. Therefore, the membranes were prepared immediately before each 
test.  

Weight and geometrical dimensions of formed specimens were precisely controlled and 
meticulously recorded. Due to the large number of samples prepared this way in the last few years, the 
reproducible mechanical features of all the prepared samples were obtained. 

After the specimen was formed inside the TS apparatus, the soil was subjected to an isotropic 
pressure (0.2-30 kPa) for one hour. Then, a cyclic twisting test was carried out with the test parameters 
shown in Table 2. 17 tests were performed in total. Two examples of tests were selected to present in 
detail in this paper. The first test was carried out at isotropic pressure close to zero (i.e. close to 
atmospheric pressure) to ensure noticeable residual deformation. The second test was performed at 
pressure corresponding to the natural conditions of the bed from which sand was collected. Tests were 
carried out with the minimum frequency and number of cycles that can be programmed on the 
WF8500 apparatus. However, the load amplitude was selected by trial and error method so that the 
displacements were in the desired strain range (0.001-0.01%) for each specimen. 

Table 2. TS tests parameters 

Sample 

Confining 

pressure 

[kPa] 

Amplitude 

[V] 

Frequency 

[Hz] 

Number 

of cycles 

[-] 

Observation time 

after the test [h] 

TS1458 0.2 1.0 0.01 3 4.4 

TS5517 26.6 9.0 0.01 3 4.4 

2.5. Experimental setup 

The experimental setup consisted of a torsion shear apparatus WF8500, a 5 megapixel digital 
camera installed on the ARAMIS 5M (system for high-precision motion measuring) and 1000 W 
halogen lamp (Figures 9 and 10). 

 
Figure 9. The experimental setup scheme 

 

RC/TS 

soil specimen 

camera 

halogen light 

laboratory ceiling 

laboratory table laboratory table 
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Figure 10. The experimental setup. The sample is illuminated directly to focus the camera. 

Photos were taken at one second intervals. Despite all efforts, the digital image correlation built 
into the ARAMIS system was unusable due to interference created by two cylinders made of 
polycarbonate that isolated the soil sample from the environment. Another important issue was the 
optimal illumination of the lateral surface of the sample. The lighting had to be dispersed so that it 
would not cause reflections from the walls of the polycarbonate cylinders. It was found that the best 
way to ensure optimal conditions for taking pictures is to illuminate the specimen with light reflected 
from the white ceiling of the laboratory. However, to focus the camera, the sample was temporarily 
illuminated directly by the LED lamp (Figure 10).  

2.6. Input data processing 

Photos taken with the ARAMIS system camera had the resolution of 2448x2050 pixels. In the 
case of 256 shades of gray encoded with one byte for each image pixel, this gave a total volume of a 
single image frame of 5,018,400 bytes. The analysis of 500 photos taken during other study lasted 
over 10 hours (four threads parallel computation on Core i7 4790K @4.4GHz). However, limiting the 
area of recorded photos only to the sample region significantly shortened the computation time (by 
over 70%). The extraction of an interesting fragment of an example photo is presented in Figure 11. 

Test photos present the specimen placed behind two transparent polycarbonate cylinders 
(Figure 13(a)). Due to those obstacles in the path of the light beam registered by the camera, image 
corrections related to the light refraction were necessary. A well-known Snell’s Law was used for ray 
tracing [60] 

𝒕 =
ఎభ

ఎమ
𝒊 + ቀ

ఎభ

ఎమ
cos 𝜃௜ − ඥ1 − sinଶ 𝜃௧ቁ 𝒏, (7)

𝒕 =
ఎభ

ఎమ
[𝒏 × (−𝒏 × 𝒊)] − 𝒏ට1 − ቀ

ఎభ

ఎమ
ቁ

ଶ
(𝒏 × 𝒊) ⋅ (𝒏 × 𝒊), (8)

where: 𝜂ଵ and 𝜂ଶ are refractive indices of two materials (air|polycarbonate or polycarbonate|air), 
𝒊 and 𝒕 are normalized direction vectors of the incident and transmitted rays, 𝒏 is a normalized 
normal vector, orthogonal to the interface and pointing towards the first material (i.e. material with 
a refractive index 𝜂ଵ), 𝜃௜ and 𝜃௧ are angles of incidence and refraction, × and ⋅ are cross and dot 
products, respectively.  
To determine the values of the refractive indices η for air the approximation formula available in [61] 
was used (the arguments of this formula are wavelength, temperature, pressure, relative humidity 
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and CO2 concentration). The value of the refractive index for polycarbonate was taken from [62]. 
Additional image correction was also applied because of the cylindrical side surface of the sample. 

 
(a) 

 
(b) 

Figure 11. The area of interest extracted from the photo: (a) Original image; (b) Extracted area. 

 
(a) 

 
(b) 

 
(c) 

Figure 12. (a) Geometric data for refraction correction. Correction maps for the photo shown in 
Figure 11. (b) Width correction dy [mm]. (c) Height correction dz [mm]. 

Examples of the correction results are shown in Figures 12(b) and 12(c). It should be 
emphasized that the application of the above corrections is conditioned by the accuracy of the 
localization of the camera lens and the RC/TS chamber with the sample. However, the sensitivity 
analysis carried out showed that geometric measurements are not critical to the results of the 
analyzes (i.e. a few centimeter error in measuring the distance of the camera from the sample surface 
does not noticeably affect the results of the deformation analysis). Figure 13 shows the steps of 
cropped photos pre-processing. 

Image center y=1224 z=1025; Rectangle center y=780 z=990 (dy=444, dz=35)

(0,0) y

z

 

 

0 200 400 600 800

0

200

400

600

800

1000

1200

1400

1600

1800
-12

-10

-8

-6

-4

-2

0

2

4

 

 

0 200 400 600 800

0

200

400

600

800

1000

1200

1400

1600

1800 -15

-10

-5

0

5

10

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


13 
 

 
(a) 

 
(b) 

 
(c) 

Figure 13. Stages of cropped image processing (horizontal displacements [mm] in reduced resolution 
(sample TS1458): grid 41x94 points). (a) Raw results. (b) Results after curvature correction. (c) Final 
results after curvature and refraction correction. 

 
(a) (b) 

 
(c) 

 
(d) 

Figure 14. Horizontal displacement field [mm] in different resolutions (sample TS1458). (a) Grid 24x11. (b) 
Grid 38x17. (c) Grid 33x75. (d) Grid 81x187. 

Another aspect of image analysis is the number of points needed for a comprehensive 
visualization of deformations. The cropped images contained approximately 1.5 million pixels. 
Although clear visualization of displacement fields does not require such high resolution (see Figure 
14), the final analyzes presented in this paper were made for full image resolution. 

3. Results 

The optical flow code developed in the MATLAB environment by Ce Liu [1] was used in the 
performed analyzes. The results obtained from optical flow analysis were correlated with known 
displacements at two reference levels, twisting top cap (measured independently with two 
proximity sensors) and fixed bottom cap (no displacement). Optical flow algorithm parameters have 
been optimized as a result of multiple trial and error calculations and are summarized in Table 3 
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(with their default values suggested by Ce Liu [1]). The algorithm of the full analysis procedure is 
shown in Figure 15. 

Table 3. The optical flow algorithm parameters (see [1]). 

Values 
Regularization 

weight 

Down-sample 

ratio 

Width of 

the coarsest 

level 

Number of 

outer fixed 

point 

iterations 

Number of 

inner fixed 

point 

iterations 

Number of 

successive 

over-relaxation 

iterations 

default 1 0.5 40 3 1 20 

optimal 0.02 0.75 20 10 3 40 

Figure 15. The analysis procedure algorithm 

The results for the sample TS1458 (subjected to lower confining pressure, see Table 2) are 
presented on Figures 16-26 in the following manner. Figure 16 shows the torsional shear test results 
(typical for samples of this soil tested with similar parameters). Figures 17-26 present the  
(a) horizontal,
(b) vertical
displacement fields at crucial moments of the TS test, that is the maximum and minimum twist
amplitude and the residual state.

The most important goal of the experiments was to determine whether the horizontal 
displacements of the sample, observed on its side surface, change linearly with its height. It can be 
noticed, after averaging the values of horizontal displacements in the band of the assumed width 
(10, 50 and 200 points-pixels) along the sample axis, that this relationship is not linear (see Figures 
18-20 and 22-23; vertical displacement analysis has a negligible impact on the determination of the
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shear modulus 𝐺). Particular attention should be paid to the fact that deviations from the assumed 
linearity distribute differently on sample’s height during different stages of the same TS test 
(compare Figures 20 and 23). 

 
Figure 16. Typical TS test results (sample TS1458) 

 

 
(a) 

 
(b) 

Figure 17. Results of optical flow analysis in full resolution (sample TS1458, grid 801x1861 points).  
(a) Horizontal displacements [mm] at maximum twist. (b) Corresponding vertical displacements 
[mm]. 
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(a) 

 
(b) 

Figure 18. Results of optical flow analysis (sample TS1458, averaging width: 10 pixels). (a) Horizontal 
displacements [mm] along the specimen height at maximum twist; (b) Corresponding vertical 
displacements [mm]; (dashed line is the assumed linear relationship between displacement and 
sample height). 

 
(a) 

 
(b) 

Figure 19. Results of optical flow analysis (sample TS1458, averaging width: 50 pixels). (a) Horizontal 
displacements [mm] along the specimen height at maximum twist; (b) Corresponding vertical 
displacements [mm]; (dashed line is the assumed linear relationship between displacement and 
sample height). 
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(a) (b) 

Figure 20. Results of optical flow analysis (sample TS1458, averaging width: 200 pixels). (a) 
Horizontal displacements [mm] along the specimen height at maximum twist; (b) Corresponding 
vertical displacements [mm]; (dashed line is the assumed linear relationship between displacement 
and sample height). 

(a) (b) 

Figure 21. Results of optical flow analysis in full resolution (sample TS1458, grid 801x1861 points). 
(a) Horizontal displacements [mm] at minimum twist; (b) Corresponding vertical displacements
[mm].
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(a) 

 
(b) 

Figure 22. Results of optical flow analysis (sample TS1458, averaging width: 10 pixels). (a) Horizontal 
displacements [mm] along the specimen height at minimum twist; (b) Corresponding vertical 
displacements [mm]; (dashed line is the assumed linear relationship between displacement and 
sample height). 

 
(a) 

 
(b) 

Figure 23. Results of optical flow analysis (sample TS1458, averaging width: 200 pixels). (a) 
Horizontal displacements [mm] along the specimen height at minimum twist; (b) Corresponding 
vertical displacements [mm]; (dashed line is the assumed linear relationship between displacement 
and sample height). 
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(a) 

 
(b) 

Figure 24. Results of optical flow analysis in full resolution (sample TS1458, grid 801x1861 points).  
(a) Residual horizontal displacements [mm]; (b) Residual vertical displacements [mm]. 

 
(a) 

 
(b) 

Figure 25. Results of optical flow analysis (sample TS1458, averaging width: 10 pixels). (a) Residual 
horizontal displacements [mm]; (b) Residual vertical displacements [mm]; (dashed line is the 
assumed linear relationship between displacement and sample height). 
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(a) 

 
(b) 

Figure 26. Results of optical flow analysis (sample TS1458, averaging width: 200 pixels). (a) Residual 
horizontal displacements [mm]; (b) Residual vertical displacements [mm]; (dashed line is the 
assumed linear relationship between displacement and sample height). 

The results deviate from the assumed linear relationship in terms of shape of the function 
(clearly non-linear) but they can also lie on either side of that line. An example of this phenomenon 
can be seen in the results of the TS test carried out on the same sand under a slightly increased 
isotropic pressure (sample TS5517, see Table 2), which resulted in an increase in the overall rigidity 
of the sample (see Figure 27). 

The results are presented in the same manner as for the first sample. Figures 28-36 show the 
results for the TS5517 sample. Figures 29-30 show a completely different displacement distribution 
along the height of the sample (compare to Figures 18-20). It can be stated that the height of the 
sample responding to the load is variable and depends on many factors, including the internal 
structure of the tested material, certainly. 

 
Figure 27. Typical TS test results (sample TS5517) 
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(a) 

 
(b) 

Figure 28. Results of optical flow analysis in full resolution (sample TS5517, grid 801x1861 points).  
(a) Horizontal displacements [mm] along the specimen height at maximum twist; (b) Corresponding 
vertical displacements [mm]. 

 
(a) 

 
(b) 

Figure 29. Results of optical flow analysis (sample TS5517, averaging width: 10 pixels). (a) Horizontal 
displacements [mm] along the specimen height at maximum twist; (b) Corresponding vertical 
displacements [mm]; (dashed line is the assumed linear relationship between displacement and 
sample height). 
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(a) 

 
(b) 

Figure 30. Results of optical flow analysis (sample TS5517, averaging width: 200 pixels). (a) 
Horizontal displacements [mm] along the specimen height at maximum twist; (b) Corresponding 
vertical displacements [mm]; (dashed line is the assumed linear relationship between displacement 
and sample height). 

 
(a) 

 
(b) 

Figure 31. Results of optical flow analysis in full resolution (sample TS5517, grid 801x1861 points).  
(a) Horizontal displacements [mm] at minimum twist; (b) Corresponding vertical displacements 
[mm]. 
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(a) (b) 

Figure 32. Results of optical flow analysis (sample TS5517, averaging width: 10 pixels). (a) Horizontal 
displacements [mm] along the specimen height at minimum twist; (b) Corresponding vertical 
displacements [mm]; (dashed line is the assumed linear relationship between displacement and 
sample height). 

(a) (b) 

Figure 33. Results of optical flow analysis (sample TS5517, averaging width: 200 pixels). (a) 
Horizontal displacements [mm] along the specimen height at minimum twist; (b) Corresponding 
vertical displacements [mm]; (dashed line is the assumed linear relationship between displacement 
and sample height). 
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(a) 

 
(b) 

Figure 34. Results of optical flow analysis in full resolution (sample TS5517, grid 801x1861 points).  
(a) Residual horizontal displacements [mm]; (b) Residual vertical displacements [mm]. 

 
(a) 

 
(b) 

Figure 35. Results of optical flow analysis (sample TS5517, averaging width: 10 pixels). (a) Residual 
horizontal displacements [mm]; (b) Residual vertical displacements [mm]; (dashed line is the 
assumed linear relationship between displacement and sample height). 
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(a) 

 
(b) 

Figure 36. Results of optical flow analysis (sample TS5517, averaging width: 200 pixels). (a) Residual 
horizontal displacements [mm]; (b) Residual vertical displacements [mm]; (dashed line is the 
assumed linear relationship between displacement and sample height). 

4. Discussion 

A direct result of the performed analyzes is a proposed preliminary simplified mechanism of 
deformation of non-cohesive soil samples during torsion, presented in Figure 37. This simplification 
is based on an assumption that the deformation mechanism is bi-linear. In the first case, the 
modification of assumed deformation distribution is taking into account the shortened height of the 
sample h' (Figure 37(a)). The second case (Figure 37(b)) is more difficult to describe due to the 
strongly non-linear soil stiffness degradation in the range of observed strains. This problem was 
taken up in further research, the scope of which goes beyond the scope of this work. 

It is obvious that the optical flow method is sensitive to pixel dimensions in analyzed images. 
This is well visible in Figures 26 and 36 where the observed displacement to the pixel dimension 
ratio is large and small, respectively. It should also be noted that the resolution of the results 
obtained is greater than the dimension of a single pixel in registered images (approx. 0.07 mm), 
which results from the complex analysis of separated pixel systems and consideration of changes in 
their brightness. This undoubted advantage can, however, cause a lot of trouble in practice. An 
example is the result shown in Figure 38. While recording this particular photo, someone entered the 
laboratory and their reflection in the external cylinder of the testing device chamber can be seen. The 
result is visible as a cloud of darker points in the center of the image. Additionally, small 
uncontrolled movement of objects near the system leads to false results. Another problem is the 
quality of the transparent cylinders covering the RC/TS device. Material flaws invisible to the naked 
eye are revealed in the results of the analyzes. For example, traces resulting from tailored forming of 
the inner cylinder can be seen in Figures 17(a) and 28(a) in the form of vertical light and dark lines. 
Of course, this kind of distortion can be eliminated in the results by using appropriate filters (or 
eventually manual correction). On the other hand, this sensitivity of the method can be successfully 
used to identify flaws and imperfections in transparent and reflective materials. 

-1 -0.5 0 0.5 1 1.5 2

x 10
-3

20

40

60

80

100

120

[mm]

[m
m

]

-0.015 -0.01 -0.005 0 0.005 0.01

20

40

60

80

100

120

[mm]
[m

m
]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


26 
 

 
(a) 

 
(b) 

Figure 37. Results of optical flow analysis. Simplified deformation mechanism (averaging width: 200 
pixels). (a) TS1458; (b) TS5517; (dashed line is the assumed linear relationship between displacement 
and sample height bold red dashed line is the simplified form of horizontal displacement). 

 
(a) 

 
(b) 

Figure 38. Results of optical flow analysis in full resolution (sample TS5517, grid 801x1861 points). (a) 
Residual horizontal displacements [mm]; (b) residual vertical displacements [mm]. 

5. Conclusions 

The obtained results justify the conclusion that while the displacement values change approximately 
monotonically along the sample height, the shape of displacement function is very different for 
samples under different isotropic pressure. Moreover, the deviations from the assumed linearity 
distribute differently on sample’s height during different stages of the same TS test. 
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It cannot be unequivocally determined how much of the sample height undergoes systematic 
deformation during TS tests, and therefore authors suggest that measurements of displacements on 
the side surface of the sample should always accompany such tests. The correctly determined 
"active" height of the sample is one of the most important conditions for the correct estimation of the 
soil stiffness modulus in laboratory tests. The results presented in this paper signal the possibility 
that the deformation calculated from the rotation angle measured using proximity sensors can be 
seriously underestimated. As the angle measurements are used for determining the nonlinear 
stiffness degradation characteristics, e.g. G() functions, the error is propagated to the geomechanical 
modelling and the structural design process. 

The authors will continue their work on observing non-linear soil deformations (in small strain 
range) and taking those observations into account in the torsional shearing tests results 
interpretation. 

The optical flow techniques are being intensively developed but the progress in measurement 
of small deformations in soils is constantly insufficient. Therefore, the research team intends to 
continue searching for optimal measurement conditions and image recording techniques so that the 
quality of the results obtained from optical flow method is as high as possible and ready to use in 
engineering practice. 
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