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Introduction
Contact displacement measurements at fixed intervals are limited in estimating the 
deformation of areas or spaces between positions through interpolation. Therefore, the 
use of a noncontact displacement-measuring method using camera images is emerging 
as an alternative or a supplementary measurement tool for measuring displacement.

The existing applications of image-based noncontact measurement at engineering and 
construction sites mostly involve simple-shaped structures or 2D position measurement 
systems. The existing image-based 3D displacement measurements can be used only 
in strictly limited areas. In other words, the current general technology level does not 
allow its application for high-precision and real-time monitoring at large areas such as 
an excavation site in urban areas.

Presently, measurements of earth retaining facilities are performed periodically, 
with each position requiring an analysis of the sequential measurement results. This 
method is disadvantageous in that it fails to apply ground deformation by considering 
only the displacement trend at the installation at certain positions. This is a complex 
measuring method to control the safety of walls through the mutual analyses of dis-
placement using an underground clinometer, the tendency of change of a load gauge, 
and an axial force meter. Moreover, in many cases, the data about the various changes 
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In this study, a small scale experiment of an earth retaining wall was conducted to 
develop a real-time and full-field noncontact measurement system for earth retaining 
walls in urban areas. The collapse behavior of the structure was reproduced using a 
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equipment in the experiment, and the results confirmed a high level of precision.
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occurring at the rear of the earth-retaining facilities and the deformation of the earth 
retaining walls are conflicting.

Therefore, technologies that effectively measure the abnormal indications of exca-
vation surfaces and rear ground simultaneously are required. The incidences of the 
collapsing of earth-retaining facilities in urban areas can be proactively prevented by 
a quick response to dangerous situations by the development of real-time risk-detect-
ing, full-field, and low-cost measurement systems by using such technologies. In this 
research, as part of the measure to develop a safety measurement system for earth 
retaining walls in urban areas, we evaluated the use of a small scale model and dis-
placement operating software of earth retaining wall facilities to verify the measure-
ment precision.

Background
Stereo camera system

Figure  1 shows an ideal stereo vision system with two parallel optical axes and two 
cameras with identical focal lengths. Point P exists in a 3D space and is projected 
onto image planes  PL and  PR of the two cameras; these point are homologous. If  PL 
and  PR correspond to each other in an image plane, the distance to point P in a 3D 
space can be calculated as follows:

where f is the focal distance, which is the distance between the lens centers of the cam-
eras  (OL,  OR) and the image planes, and b is the baseline, which is the distance between 
the lens centers of the two cameras. Further, (dL + dR) represents the distance between 
points  PL and  PR of the two image planes, and Z is a distance to the object or ROI(region 
of interest). Z is proportional to focal length f and stereo camera baseline b and is recip-
rocally proportional to (dL + dR).

(1)Z =
f × b

dL + dR

Fig. 1 Schematic of stereo vision
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Digital‑image correlation method

Digital-image correlation (DIC) is a technique used to measure the displacement and 
deformation of a structure by analyzing images before and after the deformation. The 
DIC is calculated mainly by using the sum of squared difference (SSD) of equations 
such as Eq.  (2). This technique calculates the structural displacement as a whole by 
dividing random patterns distributed in images into facets of small units. It also cal-
culates the distance of each facet movement in the deformation images [9, 10].

where CSSD is the correlation coefficient, g is the gray-scale value for the deformed 
images, f  is the gray-scale value for the reference images, x′i and y′i are pixel coordi-
nates for the deformed images, and xi and yj are pixel coordinate values for the reference 
images. The DIC method was modified [1, 2, 4, 5, 12] to improve the acquired image 
quality, algorithms, and image correlation processing to produce reliable and accurate 
strain mapping results. The accuracy of the DIC method can be less than 0.01 pixels 
[11]. The DIC method is becoming more prominent in whole-field surface strain map-
ping applications that analyze various materials, including rock [7], Weng et  al. [13]), 
granular material [8], and concrete [3]. In contrast to previous laboratory studies, this 
study adopted the 3D DIC method to measure the deformation of earth retaining walls. 
To obtain appropriate digital images for DIC analysis, the preparation procedures in the 
small scale model were developed first. The acquired digital images were then analyzed 
to identify the deformation patterns in the small scale model of an earth retaining wall.

Methods
Stereo system for a large‑scale model

The 3D DIC system based on the stereo vision theory is considered as one aspect 
in the development of a 3D real-time image data-based displacement measurement 
system, which is optimized for the measurement of urban-area excavation sites, with 
verified system precision in a full-scale experiment.

A high-precision level was set as the target (out-of-plane displacement precision of 
0.5 mm) at the region of interest (ROI: 30 m × 20 m) and the displacement measure-
ment error of the large-area 3D-DIC was assessed. Then, to confirm the optimized 
installation positions of the stereo cameras, the precision of displacement measure-
ments on the x -, y -, and z-axes were calculated, as shown in Fig.  2, while varying 
factors such as the camera baselines, camera optical angles, and distance between the 
cameras and subjects.

Theoretically, within the field of view (30  m × 20  m), the plane measurement error 
was ± 0.15  mm; however, the experimentally measured plane error was ± 0.25  mm. 
Moreover, the theoretical error of plane displacement was ± 0.45  mm, whereas the 
measurement result was ± 0.8 mm. Therefore, the measurement results were observed 
to be approximately two times the magnitude of the theoretical results. These measure-
ment errors were applicable when the distance between the cameras was 9–13 m, the 
camera angle varied between 20° and 25°, and the distance to the subject was 32 m [6].

(2)CSSD =

∑∑

[

g
(

x′i, y
′

i

)

− f (xi, yj)
]2
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Small scale model (earth retaining wall and building)

Figure 3 shows the small scale model of an earth retaining wall facility. The length and 
height of the wall and building were 300 mm; the small scale model was produced at a 
1/40th scale. For the front side of the model, an elastic material was printed using a 3D 
printer. The printing material used was an elastic rubber material that differs from the 
common 3D printer material and possessed a high level of shape reproduction.

Seven actuators were installed on the retaining wall surface. As one or several actua-
tors may be synchronously controlled and moved at a predetermined velocity and dis-
tance, various types of collapse shapes could be reproduced. For the displacements 
of the small scale building, axial displacements of X, Y, and Z along with U, V, and W 
angles were controlled using PI hexapods (H-820). The hexapods and actuators can be 
operated simultaneously, and this combination can mimic the inclination, subsidence, 
and collapsing characteristics of buildings and earth retaining walls.

Each of the seven actuators was controlled in the forward and back directions with a 
computer and was connected to the rubber-like elastic outer wall to create a deformed 
appearance.

The hexapod could move precisely in the X, Y, Z, U, V, and W directions, and the 
ground subsidence and toppling of a building could be simulated by placing a building 
on top of the hexapod. When these two devices were used together, it was possible to 
simulate the collapse of the earth retaining wall and the process of subsidence or top-
pling of the building.

Testing methods

To simultaneously measure the displacements of the small scale models of the earth-
retaining walls and buildings, the area of the 3D DIC system was calibrated to 
740  mm × 600  mm, with distances of 260  mm between the cameras and 740  mm 
between the cameras and subjects; the optical angle was 25°.

The theoretical plane error of the 3D DIC measurement system was ± 0.02 pixels and 
the out-of-plane error was 2–4 times the plane error. Such errors occur when calculating 

Fig. 2 Large-Scale 3D-DIC system
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a value numerically. The number of errors increases with respect to cameras, lenses, the 
calibration state of cameras, and measurement circumstances. The experiments showed 
a measurement error of 0.02 pixels, indicating that the measurement error was directly 
proportional to the measurement area; this finding is a significant contribution of this 
study. When the area was calibrated to 740 mm × 600 mm, the theoretical plane error 
was 3.7 µm and the out-of-plane error was 2–4 times this value.

In this experiment, we used high-precision cameras and lenses obtained from FLIR 
Co., Ltd., which previously configured large-area 3D DIC systems; this minimized the 
measurement errors based on the reduction of the measurement area.

The most important aspect of stereo-camera-based 3D measurements is 3D calibra-
tion; common stereo calibration can be divided into two types: calibration of camera 
distortion and the acquisition of position data of the cameras. The larger the measure-
ment area, the greater is the distortion calibration. The calibration of the camera distor-
tion generally requires a point matrix and checkerboard. To calibrate the distortions of a 
full range of cameras, a calibration object with the same size as the measurement range 
should be used.

Fig. 3 Scale model of building and earth-retaining wall
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However, as the development of a large-sized calibration object is difficult; calibra-
tion is performed using a small calibration object. As such, sufficient calibration data on 
the edges will not be obtained. To overcome this shortcoming, a cruciform calibration 
object with a size of 700 mm was used as shown in Fig. 4, and the camera distortion was 
calibrated by capturing photographs from various angles.

Displacement behavior of the small scale model

Figure 5 shows the common collapse types of the earth retaining walls. Possible modes 
of failure for earth retaining walls are illustrated in Fig.  5. Earth retaining walls usu-
ally fail by rigid-body mechanisms such as failure by overturning (a), failure of the wall 
due to insufficient passive capacity (b), gross instability failure (c), rotational failure of 
groundmass (d), and failure due to insufficient axial capacity(e).

Fig. 4 a Process of 3D calibration using checkerboard on an OPEN CV. b Cruciform 3D calibration object of 
corporate G

Fig. 5 Collapse behaviors of earth-retaining wall. a The wall collapses owing to the destruction of an anchor 
(or a brace). b The collapse occurs when the excavation-side ground is weak or the lower part of the ground 
is pushed out because of the lack of the embedding length of the earth-retaining wall. c The wall collapses 
when members of an earth-retaining wall cannot bear the bending moment generated on the wall. d The 
collapse occurs when the whole structure of the earth-retaining wall is totally destroyed owing to slope 
movement. e This collapse accompanies a collapse due to the loss of the bearing capacity of an anchor (or 
brace) installed at the rear owing to the partial subsidence of the wall or rear ground
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We performed experiments for each collapse type by encoding the movement using 
software to operate the displacement of the small scale of the earth-retaining wall as 
shown in Fig. 6.

Results and discussion
The experiment was conducted for two main reasons. First, the process of collapse 
of an earth retaining wall was measured using the 3D DIC measurement system. We 
considered different collapse modes by using the collapse type shown in Fig. 5 (c), 
which resulted in total destruction. This was confirmed as shown in Fig. 7 through 
the small scale model, in which the hexapod moved downward(-y direction) by up 

Fig. 6 Common collapse types of the earth-retaining walls and 3D-DIC results

Fig. 7 Settings of the movement of the building and earth-retaining wall
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to 0.5 mm at a velocity of 0.01 mm/s, and axes 6 and 7 in the earth-retaining facili-
ties moved forward up(z direction) to 5.28 and 3.3 mm, respectively, at velocities of 
37.5 μm/s each.

Second, the measurement precision and accuracy of the 3D-DIC system were checked. 
The small scale building was connected to the hexapod device with very high precision 
such that the displacement of the building directly reflected the movement of the hexa-
pod. By comparing the displacement of the building with the displacement results calcu-
lated using the 3D DIC system, the actual precision can be assessed.

In Fig. 8, point (a) represents the reference position. In point (b), the building subsides 
up to 0.2 mm, while the earth retaining facility moves forward (z direction) to 1.5 mm. 
In point (c), the subsidence of the building stops, and the earth retaining facility experi-
ences continuous collapse conditions. In point (d), all movement stops, and the building 
has subsided up to 0.496 mm and displaced up to 5.11 mm of the earth-retaining wall.

Figure 9 illustrates the image results measured at Fig. 8 point (a), (b), (c), and (d), and 
the displacement results of the earth retaining facilities show the full range of displace-
ments and deformations through interpolation. Moreover, effects similar to the installa-
tion of numerous measuring sensors could be obtained.

Figure 10 shows the 3D deformation of the earth retaining wall by the 3D-DIC system 
measured point (a), (b), (c), (d) in Fig. 8 respectively. the deformation was expressed by 
enlarging the total deformation 30 times. Two actuators in the middle part of the small 
scale model were controlled to move 5.28 mm in the + Z direction. Although 3D-DIC 
result was 5.11 mm measured due to actuator movement accuracy error. It was consid-
ered to be due to the material resistance of the small scale models of the earth-retaining 
walls.

The small scale model in this research has a scale of 1:40; therefore, the maximum dis-
placement of 5.11 mm generated in the small scale model can be regarded as a deforma-
tion of approximately 200 mm in full-scale structures.

The average velocity measured using 3D DIC was 0.0091  mm/s, and the difference 
between this velocity and the velocity of the hexapod movement is 0.001 mm/s. Figure 8 
shows that at point (d), the displacement of the building measured using the 3D-DIC 
system is 0.496  mm, which shows a difference of 0.004  mm when compared with the 

Fig. 8 Displacement values of sections A, B, C, and D with structural deformation
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distance of 0.5 mm of the hexapod movement. Considering the measurement precision 
of the 3D-DIC system, its measurement reliability is very high. Also, the measurement 
accuracy of only 0.8% error occurred.

Fig. 9 Full-field displacement results

Fig. 10 3D deformation of the earth retaining wall by the 3D-DIC system
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Conclusions
In this research, as part of the measure to develop a safety measurement system for earth 
retaining walls in urban areas, we investigated the use of a small scale model and dis-
placement operating software of earth retaining wall facilities to verify the measurement 
precision of a noncontact 3D image-based displacement measurement system at a target 
measurement area. In addition, we verified the applicability of a stereo camera system 
for the measurement. The following conclusions can be drawn from this study.

(1) The experimental results of the stereo camera system with a broad baseline dis-
tance configured for a full-scale experiment by implementing the system in an indoor 
environment showed the camera’s baseline distance to be linearly related to the dis-
tance from the object. The results confirmed the possibility of an alternative role for 
the full-scale experiment of a small scale model of an earth retaining facility using an 
image-based displacement-measurement system.
(2) By using a small scale model of earth-retaining wall, we reproduced the excessive 
deformation behavior of each collapse type by artificially controlling the aspects of 
earth retaining walls, the rear ground, and neighboring buildings. The 3D DIC sys-
tem showed the scale model to depict collapse behavior with various deformation 
ranges and high superposition (position overlapping). The comparison of the meas-
urement results of the moving velocities of the small scale building and hexapods 
showed an error of approximately 0.001–0.003 mm/s and the error considering the 
moving distance of approximately 0.001–0.005 mm/s. We confirmed the feasibility of 
target precision on develpoed 3D DIC system.

In the future, we will actively utilize small scale models to configure algorithms for 
3D image identification of earth retaining facilities and their collapse behaviors, and 
determine an object-recognition function for collapse risks and excessive displacement 
situations.
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