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Abstract
Soil is a complex multiphase material and has anisotropic properties; meanwhile, soil 
behaviour is typically evaluated in tri-axial testing. Until now, there have still been some 
challenges in measuring the total strain, the local strain deformation and the volume changes 
during tri-axial testing. In conventional geotechnical testing, it cannot acquire enough 
deformation characteristics. To improve the situation, a digital image measurement system 
has been constructed and calibrated on a geotechnical tri-axial apparatus. In the digital image 
measurement system, the three-dimensional digital image correlation (3D-DIC) technique 
was applied to measure the soil specimen’s 3D large deformation and reconstruct the 3D 
surface topography of the specimen. To improve the measurement accuracy, a standard spatial 
calibration procedure to rectify the 3D reconstruction data in tri-axial testing is proposed to 
improve the effect of the projective transformation in stereovision. Through rectification, the 
root-mean-squared error in terms of displacement measurement in the tri-axial testing was 
reduced by more than half. Furthermore, a subpixel edge detector was applied to estimate 
the volume changes based on the 3D-DIC results. Finally, comparing the results between the 
image measurement system and the conventional measurement method, the proposed method 
not only can obtain the specimen’s distribution of 3D full-field deformation, volume strain 
and so on, but also can provide a method for rectifying the 3D data measured by the image 
measurement technique in tri-axial testing. The results from 3D reconstruction can describe 
directly the characteristics of anisotropy and non-uniformity in geotechnical materials. 
The results can provide more information than conventional testing when establishing a 
constitutive model in soil mechanics.

Keywords: geotechnical tri-axial apparatus, 3D-DIC, 3D full-field deformation, subpixel edge 
detector, volume strain
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1.  Introduction

Digital image correlation (DIC) is a non-contact digital image 
recognition technology based on dense point tracking. This 
technique is very suitable for the measurement of the defor-
mation field. Since two-dimensional digital image correlation 
(2D-DIC) was invented in the 1980s [1, 2], many optimization 
algorithms have been proposed to improve its computational 
efficiency, matching robustness, and accuracy [3–9]. In the 
2D-DIC technique, several subsets with sufficient intensity 
variations are selected from the reference image. Then, the 
DIC technique tracks these deformed subsets by searching 
the deformed image based on a predefined criterion, such as 
a correlation function. The fundamental principle of 2D-DIC 
has been described in detail in other studies [10, 11]. Pan et al 
[3] combined an efficient inverse compositional matching 
strategy, a Gauss–Newton (IC-GN) algorithm, and the robust 
zero-mean normalized sum of squared difference (ZNSSD) 
correlation criterion to improve the computational efficiency 
and matching robustness, and the efficiency was approxi-
mately three to five times faster than the traditional method-
ology. ZNSSD correlation is insensitive to the scale and offset 
changes in lighting fluctuations [12]. Currently, IC-GN and 
ZNSSD have been used as a common parameter optimization 
method and correlation criterion, respectively. Furthermore, 
due to its advantages, 2D-DIC has been applied in many fields 
for full-field deformation and shape measurements [13–17]. 
However, 2D-DIC has typically been used to measure the pre-
dominant in-plane or small out-of-plane motion, and it cannot 
be applied in the curved surface measurement or out-of-plane 
motion. To expand the application of DIC, three-dimensional 
(3D) DIC has been developed, which is based on the 3D 
reconstruction of the stereovision system and the tracking 
algorithm of the 2D-DIC [18]. The 3D-DIC technique is 
also widely used in 3D deformation field measurement  
[4, 19–22]. In conventional geotechnical testing, tri-axial 
testing is a common method used to study the mechanical 
properties of soil. Because soil typically has obvious local 
failure deformation due to progressive failure, the changes in 
the soil specimen are measured by some sensors during the 
testing, for example, load cells, pressure sensors, displace-
ment sensor and so on. However, the local deformation field 
cannot be obtained quantitatively by these sensors. Some 
researchers have applied the 3D-DIC technique to measure 
the 3D full-field deformation in the geotechnical testing accu-
rately. Medina-Cetina and Rechenmacher [23] measured the 
full-field deformations using 3D-DIC to improve the predic-
tive ability of computational soil mechanics. Tang et al [24] 
explored the effects of the confining pressure on the progres-
sive failure behaviours of rocks using 3D-DIC with six cam-
eras. The 3D-DIC method can obtain the full-field strains and 
crack evolution of the specimen. Higo et al [25] quantitatively 
obtained the displacement field over the entire Toyoura sand 
specimen using image analysis of the x-ray computed tomog-
raphy (CT) images using the DIC technique during tri-axial 
compression under drained conditions. However, these mea-
surement results typically lack the calibration process of the 
3D-DIC measurement system during these tests. In general, 

the fundamental principle of the DIC method can be clas-
sified broadly as either 2D-DIC or 3D-DIC. However, the 
measurement system accuracy in 3D-DIC is more complex 
than 2D-DIC. First, the lens distortion and the results of the 
stereo calibration would affect the accuracy of the measure-
ment results. Second, because two cameras are used, the 
same regions from the left and right images have obvious 
differences in terms of the view angles. The correlation of 
the DIC method between two views would be weakened. At 
the same time, the soil is known to be a granular material. 
The processes of preparing a soil specimen and the experi-
ments are more complex than that of metal specimens. The 
complex apparatus would also affect image quality. Third, the 
recorded global axial strain of the specimen would exceed 
14% in the geological tri-axial testing. Because of the aniso-
tropic properties of the soil materials, the local deformation 
may be several times larger than the global deformation [26]. 
The correlation would also be weakened progressively during 
the testing. Therefore, many aspects influence the accuracy of 
3D-DIC measurements. Sometimes, in order to use the image 
measurement system, geotechnical testing must be simplified 
[23, 27]. In conventional DIC algorithms, the reference image 
is typically the initial image. It is nearly impossible to trace 
larger local deformations for the reference image using a con-
ventional DIC algorithm. This shortcoming is the so-called 
decorrelation effect. To overcome the ‘decorrelation effect’, 
Song et  al [27] updated the reference images for every 4th 
image, i.e. every 0.2% of the axial strain, and then, the incre-
mental displacements were computed. The large deformation 
of soil specimen was measured using this method. Due to 
frequent updates of the reference images, this method would 
lead to larger cumulative errors. Pan et al [28] proposed an 
incremental reliability-guided digital image correlation (RG-
DIC) to maintain the accuracy of the large deformation, and 
this method reduces the number of reference images updates. 
Using this method, several seed points are pre-defined in the 
original reference image. If all correlation coefficients of the 
seed points exceed the pre-set threshold, the reference images 
would be updated. This method perfectly solves the problem 
of DIC large deformation measurement.

To improve the accuracy of 3D-DIC in geotechnical tri-
axial testing, in this paper, a novel tri-axial experiment meas-
uring apparatus and rectification method for 3D data were 
developed based on an image measurement system to imple-
ment complex geotechnical experiments. For measuring 3D 
large deformations, the incremental RG-DIC method was 
applied to the 3D-DIC. Most importantly, a standard spa-
tial calibration procedure using stereovision is proposed to 
improve the effectiveness of the projective transformation in 
stereovision. A series of consolidated drained tri-axial tests 
were carried out on Hainan (China) sand specimens. The 
3D deformation was obtained using the proposed 3D-DIC 
methods, and the results were rectified using the proposed 
spatial calibration procedure. Based on the rectified results, 
the local failure and the shape changes of the soil specimens 
were analysed quantitatively. At the same time, combining the 
subpixel edge detector, a method for estimating the volume 
strain is proposed. Finally, comparing the results between 
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the image measurement system and conventional measure-
ment method, the proposed method was shown to be effective 
and had more advantages than the conventional experimental 
method, for example, in the specimen’s distribution of the 
local deformation and the local volume strain. The results can 
provide more information to aid in the establishment of the 
constitutive model in soil mechanics.

The remainder of the paper is organized as follows. The 
next section  describes the experimental apparatus and the 
experimental condition. Section 2 describes the components 
of the experimental apparatus, the condition of the exper
imental sands and the realization of the 3D-DIC. Section 3 
describes the proposed calibration procedure and the calibra-
tion results. The section 4 presents the measurement results 
using the proposed method, and the subpixel edge detector 
was applied to obtain the volume strain. Finally, section 5  
presents the conclusions of the paper.

2.  Experimental methodology

2.1.  Experimental apparatus and digital image measurement 
system

In the field of geotechnical engineering testing, to simulate 
the depth condition of the soil, the apparatus used to measure 
the properties of geotechnical materials is different form that 
used to measure conventional solid materials, for example, 
metal and concrete. The tri-axial testing would be applied to 
geotechnical test, which is different from the uniaxial tensile 
or compression test of universal material testing machine. The 
schematic diagram of the experimental apparatus for the tri-
axial testing is shown in figure 1. The soil specimen wrapped 
in a latex membrane was placed into the sealed chamber. The 
chamber was filled with a pressurized fluid. This fluid can be 
compressed air, water or oil. The pressurized fluid provides 
the confining pressure for the specimen to simulate the soil 
depth because the strength of the soil varies with the soil 
depth. This kind experiment is known as a tri-axial experi-
ment in geotechnical engineering testing. Compressed air was 
used as the pressurized fluid to capture the specimen image 
with little distortion in these experiments. The confining pres
sure was achieved using an air pump and controlled by an 
electromagnetic proportional air pressure valve because water 
and oil have higher refractive indexes, which leads to spec-
imen image distortion [29]. Under a specific confining pres
sure, the specimen is compressed directly by the axial loading 
rod. The strength in the confining pressure can be measured 
by the load cells. According to the diagram in figure 1, the 
electro-hydraulic servo static-dynamic tri-axial apparatus was 
designed by the State Key Laboratory of Structural Analysis 
for Industrial Equipment at Dalian University of Technology. 
The apparatus was primarily composed of a hydraulic pres
sure station servo valve, a servo-hydraulic cylinder, an air 
pump, an air pressure valve, sensors, a digital camera system, 
a data acquisition (DAQ) system and the control algorithms 
system. In this instrument, the tracking control strategy of the 
electro hydraulic servo system was based on an adaptive fuzzy 

sliding mode controller. For the static loading experiment, the 
displacement tracking error was less than 0.003 mm. For the 
dynamic loading experiment, the maximum cyclic frequency 
could reach 20 Hz. Additionally, an image measurement 
system was applied to capture the deformation of the speci-
mens. The displacement of the actuator was measured using a 
linear variable differential transformer (LVDT). The force was 
measured by the inner load cell. The confining pressure and 
the specimens’ volume change were measured by the pressure 
transducer and the differential pressure cell, respectively.

The experimental apparatus is shown in figure  2(a). The 
axial load cell was installed in the pressure chamber to 
decrease the effect of friction. The pressure chamber was 
redesigned to bear 1 MPa of pressure, and one pane of tem-
pered glass was installed in the front of the pressure chamber 
to capture the deformation images. To avoid light reflection of 
an external light source, two sets of LED lights were installed 
in the pressure chamber to provide a stable light source. The 
image acquisition system of two CCD cameras was placed in 
front of the pressure chamber to capture the loading process, 
as shown in figure 2(b). The initial synchronization between 
the image acquisition system and the load command was 
established by an external synchronization trigger signal. This 
synchronization function was very useful for the automatic 
control system (ACS) to improve the measurement accuracy. 
A schematic diagram of the stereo digital image measurement 
system is depicted in figure 2(c). In these tri-axial tests, all 
specimens were compressed with a slow loading rate. Images 
were acquired every 5 s using two 14-bit Pike F-100B/C 
(1000  ×  1000 pixels) digital cameras which were made by 
allied vision technologies (AVT) in Germany. Two cameras 
having different view angles captured 2D images of the same 
object area. According to the triangulation principle and 
bundle adjustment, a reconstruction 3D structure was realized.

2.2.  Experimental procedure and specimen preparation

The experiment materials were the sand material from Hainan 
(China) province and the fly ash generated during the combus-
tion of coal for energy production from Jilin (China) prov-
ince. The average sand particle size is 0.089 mm, while the 
average fly ash particle size is 0.159 mm. All the specimens 
were constructed using a standard cylindrical mould 61.8 mm 
in diameter and 125 mm in height with subsequent vibratory 
compaction methods. The fully saturated sand specimens were 
prepared by displacing the air in the specimen by CO2 for two 
hours and then passing de-aired water, while the fly ash speci-
mens would be placed in airless water in vacuum condition 
for tens of days to reach the saturation. All the experiments 
were divided into four groups for the consolidated drained tri-
axial compression test, as recommended by ASTM D7181-11 
[30]. In every group, the specimens had approximately the 
same test conditions to verify the reproducibility of the tests. 
The sand material from Hainan province was used in the first 
three groups of tests, and the test names were called ‘HnCD’ 
test. While the fly ash from Jilin province was used in the 
fourth group of tests, the test names were called ‘JLCD’ test. 
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According to the specimen’s initial relative density: Dr in soil 
mechanics, the soil physical state can be divided into the three 
states: dense soil, medium dense soil and loose soil. When 
67%  ⩽  Dr  ⩽  100%, the specimen is in a dense state; When 
33%  ⩽  Dr  <  67%, the specimen is in a medium dense state; 
When Dr  <  33%, the specimen is in a loose state. The exper
imental characteristics of the specimens are shown in table 1 
including the test confining pressure, soil physical sate, and 
so on. All the specimens were sheared at a constant strain rate 
of 0.2%/min after saturation and consolidation of the speci-
mens. An irregular grayscale value on the specimen surface 
is required when using the DIC method, such as a speckle 
pattern or a natural pattern of materials. In this study, because 
the specimen was wrapped by the membrane, an irregular 
pattern was created by spraying black and white paint on the 
membrane until there was an irregular random distribution 
with high contrast, as shown in figure  2(b). The realization 
and calibration procedure of the specimen 3D reconstruction 
will be discussed in detail in the next section.

2.3.  Realization of 3D-DIC

The 3D-DIC method is based on the stereovision system  
[19, 31]. The principle of stereovision is shown in figure 2(c). 
An arbitrary spatial point (P) on the object is recorded by the 
cameras (left camera and right camera) and corresponds two 
projective points (Pl and Pr) in the left and right image plane. 

Assume that (xp, y p, zp, 1) are the homogeneous coordinates 
in the world coordinate system for the point (P). (xpl, y pl, zpl, 
1) and (xpr, y pr, zpr, 1) represent the homogeneous coordinates 
corresponding to point (P) in the left and the right camera 
coordinate systems, respectively. Equations (1) and (2) show 
the transformation equation of point (P) from the word coor-
dinate to the camera coordinate system as follows:




xpl

ypl

zpl

1


 =

ï
Rl Tl
0 1

ò
·




xp

yp

zp

1


� (1)




xpr

ypr

zpr

1


 =

ï
Rr Tr
0 1

ò
·




xp

yp

zp

1


 .� (2)

In equations (1) and (2), Rl and Rr are 3  ×  3 rotation matrixes 
that rotate the word coordinate system to align with the left 
and the right camera coordinate system, respectively. Tl and 
Tr are 3  ×  1 translation matrixes that translate the world coor-
dinate system to the origin of the left and the right camera 
coordinate system, respectively.

If Rl, Rr, Tl and Tr are obtained by equations (1) and (2), 
the rotation matrix R and translation matrix T from the right 
camera coordinate system to the left camera coordinate 

Figure 1.  Diagram of the experimental apparatus. 1- Controlling computer; 2- digital/analog converter; 3- amplifier; 4- hydraulic servo 
valve; 5- LVDT; 6- analog/digital converter; 7- double acting servo cylinder; 8- load cell; 9- pore pressure transducer; 10- volume change 
burette; 11- switch valve; 12- differential pressure cell; 13- pressure chamber; 14- soil specimen; 15- pressure transducer; 16- relieve valve; 
17- digital output port.
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Figure 2.  (a) The composition of the apparatus. (b) The composition of the pressure chamber. (c) The principle of 3D rectification. 1- The 
experiment apparatus; 2- LVDT; 3- pressure chamber; 4- stereovision system; 5- hydraulic servo valve; 6- the loading rod; 7- loading cell; 
8- soil specimen; 9- the static reference; 10- LED lights; 11- speckle.

Table 1.  Experimental characteristics of the specimens.

Group  
number Test name

Confining 
pressure 
σ3 (kPa) Test conditionsa

Initial height 
H (mm)

Initial density 
ρd (g cm−3)

Initial relative 
density Dr (%) Soil physical stateb

1 HnCD-111 100 CD 124.62 1.589 76.3 Dense
HnCD-112 100 CD 124.20 1.593 77.3 Dense
HnCD-113 100 CD 124.47 1.591 76.8 Dense

2 HnCD-211 100 CD 124.91 1.493 47.5 Medium
HnCD-212 100 CD 124.65 1.515 54.4 Medium
HnCD-213 100 CD 124.79 1.502 50.1 Medium

3 HnCD-131 300 CD 124.08 1.626 86.4 Dense
HnCD-132 300 CD 123.58 1.583 74.4 Dense
HnCD-133 300 CD 124.33 1.594 77.6 Dense

4 JLCD-111 100 CD 125.04 0.789 62.1 Medium
JLCD-112 100 CD 125.02 0.772 56.2 Medium
JLCD-113 100 CD 124.98 0.787 61.3 Medium

a CD indicates that the specimen was the consolidated drained tri-axial compression test. 
b ‘Dense’ represents that the specimen was in a dense state; ‘medium’ represents that the specimen was in a medium dense state.

Meas. Sci. Technol. 31 (2020) 015403
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system, as shown in figure  2(c), can be obtained by equa-
tions (3) and (4) as follows:

R = Rl · (Rr)
T� (3)

T = Tl − R · Tr.� (4)

The equations  (3) and (4) can be used to realize the stereo 
calibration procedure. The stereo calibration would be used to 
align the two cameras into one viewing plane mathematically. 
In the work, the left camera is used as the primary camera. So, 
the right camera plane would be aligned into the left camera 
plane. Then, the spatial position of the point (P) in the left 
camera coordinate systems can be obtained based on the tri-
angle similarity theorems after the stereo calibration proce-
dure, as shown in the following equation (5):




xpl =
upl·Tx

upl−upr

ypl =
vpl·Tx

upl−upl
· dV

dH

zpl =
f ·Tx

(upl−upr)·dH

.� (5)

In equation  (5), xpl, y pl, zpl are the spatial position from the 
point (P) in the left camera coordinate systems, in mm; upl 
and upr are the horizontal coordinates from point (P) in the 
left and the right image views at Pl and Pr, in pixels; vpl is the 
vertical coordinates from point (P) in the left image view at Pl, 
in pixels; dH is the horizontal physical length of one pixel in 
charge-coupled device (CCD) sensor, in mm; dV is the vertical 
physical length of one pixel in CCD sensor, in mm; f  is the 

focal length of the camera, in mm; Tx is the horizontal distance 
from the right camera to the left camera, in mm, and it is the 
horizontal component of T in equation (4).

In the 3D reconstruction, in addition to tracking the target 
in the time series, for example, tracking point (P), the points 
or subsets on the object should be matched in the left and right 
image views at the same time. This is so-called stereo cor-
respondence. Figure  3 presents the procedure to realize the 
3D-DIC tracking and stereo correspondence in this paper. 
The tracking method and the matching method all adopt 
the ZNSSD coefficient which with a range of [0,4] is intui-
tive to show the similarity between the undeformed subsets 
(e.g. reference subsets) and deformed subsets [32], as shown 

Figure 3.  Procedure for realizing the tracking and stereo correspondence of 3D-DIC.

Figure 4.  Two types of calibration targets and their scale 
references: (a) checkerboard plane. (b) Stereo calibration object.
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in equations  (6)–(10). The smaller the value of CZNSSD, the 
better the matching will be. Especially, CZNSSD  =  0 denotes a 
perfect matching. In the matching procedure, the first image 
from the left camera is considered to be the reference image, 
and the other images are deformed images. The deformed 

subsets in the right image would be matched to the reference 
image using equations (6)–(10); then, the 3D position can be 
obtained using equation (5). After completing the first pair of 
images, the next pair of images would be matched to the ref-
erence image. The procedure will loop until processing the 

Figure 5.  The procedure and results of the spatial geometric transformation: (a) the overlap region in the stereo calibration object; (b) 3D 
reconstruction of the stereo calibration object before rectification; (c) diagram of the coordinate rotation; (d) 3D reconstruction the stereo 
calibration object after rectification; (e) 3D reconstruction of the initial specimen before rectification; (f) 3D reconstruction of the initial 
specimen after rectification.

Meas. Sci. Technol. 31 (2020) 015403
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last pair of images. To overcome the ‘decorrelation effect’ for 
large deformation in tri-axial testing, the incremental RG-DIC 
method is also applied to the 3D-DIC technique [28]. In the 
incremental RG-DIC method, a threshold has been preset. The 
threshold is set as 0.5 in this work. If the CZNSSD of the nth pair 
of images is larger than the pre-set threshold, which means no 
serious ‘decorrelation effect’. Then, the reference image will 
be replaced with the left image of the (n  −  1)th pair of images:

CZNSSD =
M∑

i=−M

M∑
j=−M

ñ
f (xi, yj)− fm

∆f
−

g(x′i , y′j)− gm

∆g

ô2

� (6)

fm =
1

(2 · M + 1)2

M∑
i=−M

M∑
j=−M

f (xi, yj)� (7)

∆f =

Õ
M∑

i=−M

M∑
j=−M

[ f (xi, yj)− fm]

2

� (8)

gm =
1

(2 · M + 1)2

M∑
i=−M

M∑
j=−M

g(x′i , y′j)� (9)

∆g =

Õ
M∑

i=−M

M∑
j=−M

î
g(x′i , y′j)− gm

ó2
.� (10)

In equations  (6)–(10), CZNSSD presents the ZNSSD correla-
tion criterion. In the ideal circumstance, when two subsets 
are identical, CZNSSD is zero. In application, when the value 
is minimized, two subsets are considered to be identical. The 
square size of the subset is (2M  +  1)  ×   (2M  +  1) pixels. 
f(xi,yj ) presents the grey level of every pixel in the reference 
subset. g(x′i , y′j) presents the grey level of every pixel in the 
deformation or the alternate-view subset. f m presents the 
average grey level in the reference subset. Δf  presents the 
zero-mean normalization of the reference subset. gm presents 
the average grey level in the deformation subset. Δg presents 
the zero-mean normalization of the deformation subset.

3. The calibration process of 3D-DIC in tri-axial 
testing

Calibration plays a very important role in the accuracy of 
the 3D-DIC measurement. To obtain accurate measurements 
when performing tri-axial experiments, the special calibration 
process was designed to achieve three tasks: (1) undistortion: 
rectifying the image distortion; (2) stereo correspondence: 
mathematically aligning the two cameras into one viewing 
plane; (3) affine and projective transforms: spatial geometric 
transformation between the cameras and the specimen. 
Two types of calibration targets are applied to complete the 
three tasks. The checkerboard plane and the stereo calibra-
tion object are shown in figure 4. The coin and the rulers in 
figure 4 are used as scale references. Because the location of 

Table 2.  Some image measurement information and the incline of the specimens.

Test 
name

Physical length 
per pixel  
(mm/pixel)

Initial  
Average 
diameter D 
(mm)

The three base vectors of the fitting plane relative to the left camera

ê1 ê2 ê3

HnCD-
111

0.1947 61.73 (0.9982, −0.0105, −0.0588) (0.0133, 0.9988, −0.0476) (−0.0581, 0.0483, 0.9971)

HnCD-
112

0.1941 61.98 (0.9983, −0.0130, 0.0589) (0.0040, 0.9989, −0.0476) (−0.0575, 0.0477, 0.9972)

HnCD-
113

0.1944 61.71 (0.9975, −0.0133, 0.0691) (0.0166, 0.9987, −0.0474) (−0.0494, 0.0482, 0.9976)

HnCD-
211

0.1939 61.75 (0.9701, 0.0301, −0.2410) (−0.0414, 0.9982, −0.0422) (0.2395, 0.0510,0.9696)

HnCD-
212

0.1911 61.50 (0.9999, 0.0064, 0.0137) (−0.0053, 0.9971, −0.0758) (−0.0140, 0.0757, 0.9970)

HnCD-
213

0.1932 61.48 (0.9993, 0.0029, 0.0383) (−0.0002, 0.9975, −0.0712) (−0.0383, 0.0711, 0.9967)

HnCD-
131

0.1965 61.36 (0.9988, −0.0094, −0.0476) (0.0067, 0.9984, −0.0558) (0.0479, 0.0554, 0.9973)

HnCD-
132

0.1935 62.33 (0.9842, 0.0050, 0.1767) (0.0036, 0.9988, −0.0483) (−0.1765, 0.0482, 0.9831)

HnCD-
133

0.1933 61.87 (0.9986, −0.0202, −0.1491) (0.0281, 0.9983, −0.0514) (−0.1478, 0.0550, 0.9875)

JLCD-
111

0.1885 61.45 (0.9952, 0.0001, 0.0974) (0.0056, 0.9983, −0.0584) (−0.0971,0.0586, 0.9935)

JLCD-
112

0.1918 61.83 (0.9993, −0.0017, −0.0380) (−0.0010,0.9974, −0.0725) (0.0382, 0.0725, 0.9966)

JLCD-
113

0.1909 61.81 (0.9985, −0.0007, −0.0548) (−0.0028, 0.998, −0.0631) (0.0548, 0.0631, 0.9965)
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the stereovision system may slightly change in every test, the 
calibration process must be executed before every test.

3.1.  Undistortion of the images and stereo correspondence

In the calibration process, the checkerboard plane shown in 
figure 4(a) would be orientated 28 different times in the pressure 
chamber. The distorted images, which include the specimen 
images and the calibration targets images, would be undistorted 
by the camera calibration algorithm based on Zhang’s method 
[33]. The influence, which is caused by the lens distortion of 
two cameras and the distortion of the tempered glass in the front 
of the pressure chamber, is reduced. In Zhang’s method, the 
pinhole camera model was selected to construct a mathematical 
model of the cameras, and a bundle adjustment has been applied 
to rectify the image distortion. The first task of the calibration 
process can be completed using Zhang’s method.

According to the description in section 2, to achieve the 
stereovision, the rotation matrix R and translation matrix T 
from the right camera coordinate system to the left camera 
coordinate system must be obtained. According to the recti-
fied checkerboard plane images, the position and orientation 
of the right camera relative to the left camera can be calculated 
using the bundle adjustment method. Then, the images from 
the two cameras relative to the left camera can be mathemati-
cally aligned into the same horizontal line (no relative rotation 
in 3D space). Once images of the stereovision system have 
been calibrated, the translation T and the rotation matrix R can 
be confirmed and can describe the location of the right camera 
relative to the left camera in the global coordinates, as shown 
in equations (3) and (4).

3.2.  Spatial geometric transformation of the 3D reconstruc-
tion

Once the first two tasks have been completed, the 3D morph
ology of the specimens can be obtained based on the 3D-DIC 

algorithm. However, the specimen relative to the stereovision 
system appears to be at an incline because of the different lev-
elness and straightness between the specimen and the cam-
eras. The 3D morphology would be at an incline relative to the 
stereovision system. The incline of the specimen leads to an 
inconvenient calculation of the shape deformation and volu-
metric deformation. To adjust the incline, the stereo calibra-
tion object shown in figure 4(b) is applied, which is a ceramic 
cylinder with a black square mark over a white background. 
The stereo calibration of the object is 60 mm in diameter and 
120 mm in height. The distance between the two corners is 
5 mm on the surface of the stereo calibration object. Before 
every test, the object was placed in the pressure chamber, 
as if it was a specimen. The image of the object was being 
captured by the stereovision system, and the corners in the 
overlap region of two cameras and the corners were detected 
using the Harris corner detection algorithm and subpixel acc
uracy algorithm, as shown in figure 5(a). Two column corners 

Figure 6.  (a) The different analysis regions in the specimen and the composition of the specimen. (b) The vertical displacement error of the 
rectified and unrectified data. 1- loading cell; 2- loading rod; 3- top permeable stone; 4- measured loading displacement region of 3D-DIC; 
5- sand specimen; 6- latex membrane; 7- measured full-field deformation region of 3D-DIC; 8- bottom permeable stone; 9- base.

Figure 7.  The average root-mean-squared error (RMSE) of vertical 
displacement in every group of tests before rectification and after 
rectification.
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on the stereo calibration object are selected to fit a plane, as 
shown in figures 5(a) and (b). These points are axially sym-
metric concerning the stereo calibration object. Figure  5(b) 
shows the shape of the stereo calibration object composed of 
the raw data and the fitting plane. Obviously, the fitting plane 
and the surface data of the object are not parallel to the x-y  
plane, which is the plane of the camera system. This result 
indicates that the specimen base is slightly inclined relative to 
the stereovision system. When the specimen is placed on the 
specimen base, the specimen would also be inclined relative 
to the stereovision system. The incline of the specimen in the 
camera coordinate system would lead to measurement errors 
caused by the projective transformation.

In 3D space, two coordinate systems can be aligned with 
each other by rotation based on a rotation matrix, as shown in 

figure 5(c). To adjust the incline and to improve the accuracy of 
the measurement, it is necessary to obtain the rotation matrix 
Rs from the fitting plane to the camera coordinate system. 
Assume ê1, ê2, ê3 are the three base vectors of the fitting plane 
coordinate system Rs can be obtained using equation  (11). 
Through the rotation of the raw 3D data, the rectified result of 
the stereo calibration object is shown in figure 5(d). The recti-
fied fitting plane is parallel to the x-y plane, and the incline 
of the stereo calibration object is eliminated. Compared with 
figure  5(b), the incline is rectified by the stereo calibration 
procedure:

[
e1 e2 e3

]
= Rs ·

[
ê1 ê2 ê3

]
.� (11)

In equation  (11), e1, e2, e3 are the three base vectors of the 
camera coordinate system: e1: (1, 0, 0); e2: (0, 1, 0); e3: (0, 0, 1). 

Figure 8.  (a)–(e) The spatial displacement contours that correspond to the five moments in f ; (f) the global stress–strain curve of HnCD-
111 measured by 3D-DIC.
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 ̂e3 is the normal unit vector of the fitting plane. ê1 and ê2 are 
the horizontal and vertical unit vector of the stereo calibration, 
respectively. ê1, ê2, ê3 in every test are listed in table 2.

3.3. The calibration results

Figures 5(e) and (f) present the 3D reconstruction of the initial 
specimen in the HnCD-111 test before rectification and after 
rectification, respectively. The colour bar presents the position 
distribution of the specimen surface in the z-direction. The 
3D reconstruction in figure 5(e) indicates that the specimen is 
inclined. The specimen is rectified in figure 5(f). At the same 
time, the spacing between the corners on the surface of the 
stereo calibration object in figure 4(b) is 5 mm, and the pixel 
distance can be calculated by the corner recognition program. 
Therefore, the average physical length can be obtained, given 
how many millimetres a pixel represents, as listed in table 2.

After calibration and spatial geometric transformation, it is 
necessary to show that the calibration process is effective. The 
specimens are compressed by the loading rod on the top of 
the pressure chamber, as shown in figure 6(a). The cylindrical 
sand specimen was wrapped by the latex membrane, and the 
permeable stones were placed on the top and bottom of the 
specimen during the testing. The load cell has been installed in 
the pressure chamber for eliminating the effect of the loading 

rod friction. Because the strength of the specimen is far less 
than the range of the load cell, the vertical deformation of the 
loading cell was neglected. In the conventional tri-axial test, 
the vertical displacement of the loading rod is measured by 
LVDT as the vertical displacement of the specimen. Usually, 
LVDT has high accuracy in the linear direction and the acc
uracy of LVDT can reach micron scale. So, the value of LVDT 
is treated as the exact value in the loading direction. In order 
to verify the accuracy of 3D-DIC, the vertical displacement of 
the top permeable stone is measured by the 3D-DIC, which 
is in contact with the loading rod, as shown in figure  6(a) 
(No. 3), and the measured region of the top permeable stone 
is shown in figure 6(a) (No. 4, the red region). In theory, the 
displacement of the top permeable stone is the same as the 
loading rod. The vertical average value on the top permeable 
stone measured by 3D-DIC should equal to the vertical dis-
placement of the loading rod measured by LVDT. In practice, 
due to the measurement errors, there are some differences 
between the values measured by LVDT and 3D-DIC. The 
error between 3D-DIC and LVDT was treated as the vertical 
displacement error of the 3D-DIC, as shown in the following 
equation (12). The error in HnCD-111 is shown in figure 6(b). 
Before rectification, the specimen relative to the stereovision 
system appears to be at an incline. The displacement projected 
on the stereovision system would become smaller than real 
displacement. The negative errors in figure 6(b) also reflect 
this situation. The effect of the spatial geometric rotation is 
very obvious, which reduce the errors obviously. At the same 
time, the average RMSEs of vertical displacement in every 
group of tests before rectification and after rectification also 
are shown in figure 7. Before rectification, the average RMSE 
of tests is about 0.05 mm, while the average RMSE decreases 
to about 0.02mm after rectification. The RMSE is obviously 
reduced through the rectification:

Error = VdDIC − VdLVDT.� (12)

In equation (12), VdDIC offers the vertical displacement of the 
top permeable stone measured by 3D-DIC, whose displace-
ment is equal to the loading rod. VdLVDT gives the vertical 
displacement of the loading rod measured by LVDT.

4.  Experimental results and discussion

4.1. The shape deformation of the specimen

Through the rectified procedure in the previous chapters, 
the 3D deformation of the specimens was obtained accu-
rately using the 3D-DIC technique. The yellow region is 
the 3D-DIC measured region as shown No. 7 in figure 6(a). 
Figure 8 shows the progressive failure behaviours of the spec-
imen measured using the 3D-DIC algorithm in the HnCD-
111 test. Figures  7(a)–(e) present the specimen shape and 
spatial displacement deformation (unit: mm) contours corre
sponding to five moments (five red points) in the stress–strain 
curve, as shown in figure 8(f), which is viewed from a Euler 

Figure 9.  Principle for obtaining the sector cylinder volume.
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perspective. The curved surface in figure 8 shows the outline 
of the specimen at different moments, and the values in the 
colour bar present the measured displacements in space. The 
specimen shape changed when the specimen was compressed 
by the loading rod. In the initial deformation, the deforma-
tion is fairly homogeneous, and the deformation is smaller. 
Therefore, the shape of the specimen is almost a cylinder. 
With continuous loading, bulges begin to appear in the middle 
of the sample. The deformation of the specimen shape is 
very obvious. Specifically, a fracture occurred, as shown in 
figure  8(e). Based on the 3D-DIC technique, the full-field 
deformation can be obtained, and the local deformation can 
also be measured quantitatively during the tests. To realize 
the 3D measurement in tri-axial tests, the image measure-
ment system can be easily added to the conventional tri-axial 
apparatus. The installation and setup of the whole system are 
also relatively simple, but the image measurement method can 
obtain more comprehensive experiment data during the tests. 
The method is suitable for the study of local failure and frac-
ture in soil mechanics.

4.2.  Volumetric strain measurement

In order to expand the application of the image measurement 
in those experiments, this section  would provide a method 
for measuring the volume strain of the specimens based on 
the 3D-DIC and edge detector. In this work, only a pair of 
cameras was used to achieve 3D measurements for a cylin-
drical specimen. The measurement region is the overlap area 
between the two cameras that covers approximately one-third 
of the cylindrical surface, as shown in figure 6(a) (No. 7, the 
yellow region). Typically, the volume of the sector cylinder 
can be calculated by an integral in the cylindrical coordinate 
system, as shown in figure 9. The height direction of the sector 
cylinder is evenly segmented into several layers. The area of 
the nth layer is calculated by an integral based on the radial 
dimension of each measured point at this layer. The volume of 

each layer can be obtained by the product of the area and the 
height of this layer. When the height, coverage angle and radius 
of each point in the sector cylinder are known, the volume of 
the sector cylinder can be obtained using equation (13):

V =

ˆ H

0

ˆ Φ

0

ˆ R

0
r · dr · dφ · dh.� (13)

H is the current height of the sector cylinder; Φ is the coverage 
angle of the measured curved surface; R is the radius of each 
point on the sector cylinder surface.

To obtain the volume of the measured curved surface of the 
specimen using image measurement method, the axis of the 
specimen must be found, and the shape of the specimen should 
also be obtained. Here, combining the edge detector, a method 
has been proposed to obtain the specimen volume strain based 
on the incomplete specimen surface. In this work, the struc-
tured forests [34] have been applied to extract the boundary 
of the specimen. Due to the inhomogeneous deformation of 
the specimen, the boundary is the curve. The boundary is dif-
ferent than that extracted from the background. Compared to 
the subpixel algorithms, this edge detector based on the struc-
ture forests has achieved good results, as shown in figure 10. 
Figure 10(a) is the shape of the specimen at the global axial 
strain of 8.4% in the HnCD-131. The subpixel edges are per-
fectly extracted in figure 10(b). Based on the edge detector, 
the axes of the specimen not only can be obtained but also the 
diameter of the specimen can be obtained. The average diam-
eter of the initial test is listed in table 2. Based on the initial 
diameter, the initial density and initial relative density can be 
calculated by the mass, as listed in table 1. The diameter and 
the axes can provide a reference for the 3D reconstruction, as 
shown in figure 10(c). In figure 10(c), the surface presents the 
shape of the specimen, and the value of the colour bar pre-
sents the radial dimension of the specimen. The surface of the 
specimen is very uneven, as seen in figure 10(c). Based on the 
integral in equation (13), the volume of the measured region 
can be obtained.

Figure 10.  (a) The specimen at a global axial strain of 8.4% in HnCD-131; (b) the subpixel edge of the specimen; (c) the radius 
deformation of 3D-DIC and edge detector.
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In conventional saturated drained tri-axial testing, the 
water in the specimen can be squeezed out during the loading 
process. The volume change of the specimen is equal to 
the water discharge, which can be measured by the volume 
change burette. Based on the proposed method in this paper, 
the volume change of the measured region can also be cal-
culated through integration theory and interpolation method. 
The figure 11 show that the volume strain of every test meas-
ured by proposed image measurement and measured by the 
volume change burette. In soil mechanics, the negative volu-
metric strain represents specimen expansion, and the positive 
volumetric strain represents specimen contraction. For sand 
materials in the tri-axial test, if the specimen is in a dense 

state, the specimen’s volume would first decrease and then 
expand during the test. If the specimen is in a loose state, the 
specimen’s volume would have been shrunk during the test. 
If the specimen is in a medium dense state, the specimen’s 
volume may shrink or expand during the test. The results of 
volume deformation in figure 11 are in accordance with the 
above law. In figures 11(a) and (c), the sand specimens are 
in a dense state, which correspond to the first group of tests: 
HnCD-111, HnCD-112, HnCD-113; and the third group of 
tests: HnCD-131, HnCD-132, HnCD-133. In these tests, the 
specimens would be slightly shrunk in the earlier stage of the 
test, and the value of shrink is very small. Then the speci-
mens’ volume expanded nonlinearly during the tests. Finally, 

Figure 11.  (a)–(d) The volumetric strain measured by the volume change burette and 3D-DIC in a drained condition.
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the volume has increased by more than 2%. In figure 11(b), 
the sand specimens are in a medium dense state in the second 
group of tests: HnCD-211, HnCD-212 and HnCD-213. In 
these tests, the specimens’ volume has been reduced during 
the experiments and the volume has been reduced by about 
1.2% after the end of tests. The fly ash specimens are also in 
a medium dense state in the fourth group of tests: JLCD-111, 
JLCD-112 and JLCD-113. Although the curves in figure 11(d) 
are similar to the shape of the curves in figures 11(a) and (c), 
the volume changes are very small during the test. The volume 
has just increased by about 0.8%. The two measuring methods 
have the same test phenomena and good repeatability. It also 
proves that the local volume strain measured by 3D-DIC is 
reasonable. However, the measured data have some differ-
ences between the two kinds of measuring methods in the 
later stage of tests. The reasons are that the measuring region 
of 3D-DIC just covered approximately one-third of the cylin-
drical surface of the specimen in this work, as shown No. 7 
in figure 6(a) and the specimens have serious inhomogeneous 
deformation in the later stage of tests. The inhomogeneous 
deformation becomes more and more obvious during the 
test. For inhomogeneous specimens, there would be a devia-
tion in the results measured by 3D-DIC. But the deviation 
mainly occurred in the later stage of the tests, and the values 
are small. Due to the soil specimen’s randomness, it is neces-
sary to use repeated tests to verify the stability of the results 
in geotechnical test. Compared to the results of the volume 
change burette, the results in the same group also prove that 
the local volume strain measured by the proposed method are 
reasonable and stable. Because every specimen would have 
randomness in the preparation process and the surface of each 
specimen would be slightly different, the results measured by 
image measurement and burette are also some differences in 
the same group, but the similar results already indicate that 
the properties of the specimens are similar in the same group.

Based on the image measurement results, the local volume 
and local volume strain in the measured region all can be 
obtained, while the conventional method can only obtain the 
global volume change. Through the repetitive tests, these 
results are sufficient to prove the accuracy and stability which 
are measured by 3D-DIC and rectified by the proposed cali-
bration method. The local volume change and local deforma-
tion filed can be accurately obtained using the 3D-DIC and 
edge detector. The proposed method would help to provide 
more comprehensive data to research the local failure in soil 
mechanics.

5.  Conclusion

In this paper, a geotechnical tri-axial apparatus that can be 
combined with a digital image measurement system was 
developed independently in our laboratory. At the same time, 
a 3D-DIC algorithm, which combines incremental RG-DIC, 
has been applied to measure the large full-field deformation 
of soil specimens in tri-axial testing. More importantly, the 
proposed calibration procedure has been used to solve the 

problem for the effect of the projective transformation in 
image measurement. The measurement error can be obviously 
decreased after the calibration procedure. In order to expand 
the application of the 3D-DIC in those experiments, combined 
with a subpixel edge detector, the volume strain can be calcu-
lated based on the incomplete 3D specimen surface. A series 
of tri-axial compressive tests were performed. The results 
from the image measurement were similar to than the results 
from the conventional method, which can prove the effec-
tiveness of the proposed method. However, the local volume 
and local volume strain of the specimen cannot be obtained 
using the conventional method, while the digital image system 
can determine these values. By comparing the conventional 
method, the results of the proposed method are shown to be 
accurate. Using the method in this paper, the soil specimen 
3D total, local strain deformation, and volume changes during 
tri-axial testing can be measured accurately. The results can 
provide more information for the establishment of constitutive 
models in soil mechanics. The accuracy of the measurement 
results is verified in saturated soil specimens in this paper. The 
proposed image measurement method can be applied to many 
kinds of soil mechanics tests, example for the unsaturated soil 
test. Water and air would be contained in the unsaturated soil 
specimen. The volume change cannot be obtained by the con-
ventional draining water method. So, the proposed method 
would be applied to unsaturated soil specimens to obtain its 
parameters.
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