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ABSTRACT 

In order to improve the safety management during construction, a new scheme called On-

Site Visualization (OSV) is proposed to sense the deformation, inclination etc. of 

structures and to present the measured results visually in real-time. Two issues have been 

often raised from construction field that the light-emitting instruments are too expensive, 

and the professional experiences are required for maintenance of the equipment.   

Based on the concept of OSV, the research focusing on development of simple mechanical 

methods for monitoring the deformation is carried out. The deformations are usually 

described by the displacements which can be measured directly between two discrete 

points of the structure. Generally, the basic mechanical rotational system and optical 

principle are incorporated in the research to transform and magnify the measured 

displacement. Four representative methods are introduced to monitor the displacement 

with the accuracy in millimeter-scale, 0.1 mm-scale or much smaller respectively.  

Chapter 3 introduces a mechanical method to visualize the relative displacement between 

two points. Firstly, the displacement is detected by the aramid thread connecting to two 

measured points. Then, the pulley is mobilized to rotate by the thread which goes throng 

the groove of pulley. It is a transform from linear displacement to the movement of 

rotation. There is a triangle flag attached on one side of the pulley so that they would have 

the identical rotations induced by the displacement. As a result, the displacement can be 

visualized by rotation of the flag, whose value can be read from the reference scales. The 

diameter of pulley determines the sensitivity of the monitoring of displacement. The 

laboratory tests and field experiments show the feasibility of the method to monitor the 

displacement. 

In Chapter 4, an optical method is proposed to visualize small displacement far away from 

the observed object (remote monitoring). Firstly, the displacement is transformed to the 

rotational angle by a pinion-rack system. Secondly, the rotational angle can be visualized 

by the shift of the color stripes reflected from a rectangular mirror. Hence, by establishing 

the relationship between the displacement and angle, the displacement can be visualized 

by the images reflected from the mirror. The accuracy of visualization is determined by 

the pinion-rack system. And the precision of visualization is related to the distance 

between the mirror and observer (close to reference stripes) and the width of the stripes. 

The laboratory experiments were carried out to verify the feasibility of this method. The 

results show that the small displacement can be visualized clearly by this optical method. 
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Chapter 5 presents a simple method to monitor the thermal deformation, which is different 

from the load-induced deformation. A thin steel bar is sandwiched between two same 

beams. One beam is fixed at both ends. The other is fixed at only one end, allowing it to 

stretch freely. When the environment temperature increases, the elongation of free beam 

would be larger than that of the beam with two ends fixed. Hence, the thin bar sandwiched 

between the two beams is mobilized to rotate. The difference of the elongation (thermal 

deformation) is therefore visualized by the rotation of thin bar. The magnitude of the 

deformation can be read from the reference scales. The feasibility of this method to 

monitor the thermal deformation is verified by the laboratory experiments. This method 

is possible to be applied to monitor the thermal stress of the struts in the foundation pit 

construction during the summer. 

In Chapter 6, a mechanical method is proposed to visualize the direction of principal strain 

of structures after deformation. It is assumed that a circular ring in the structure is 

deformed to elliptical under the condition of homogeneous deformation. The major axis 

of the ellipse indicates the principal strain. The monitoring sensor is made up of an 

extendable rod and a circular ring. Each end of the rod has a pulley. The ring has the rail 

track for the pulley to roll on the inner surface. Therefore, the extendable rod is able to 

rotate along the rail track inside the ring. When the ring is deformed to be an ellipse, the 

balance of rod is broken so that the rod is mobilized to rotate by unbalanced moment. The 

rod is able to regain the balance only when it stops at the major axis of the new ellipse 

after deforming. So the direction of principal strain is visualized by the status of the rod. 

It can be found that the method is able to sense the regional deformation, different from 

the conventional measurement of deformation between two points. The mechanism of 

this method is described in details. And the influence factors are discussed. The uniaxial 

compression tests were carried out to verify the feasibility of the sensor for visualization 

of the direction of principal strain. The sensitivity of the sensor was also investigated at 

the same time. It shows that the sensor can works effectively to visualize the direction of 

principal strain as expected.  

Finally, the conclusions of the thesis are drawn and the future work is introduced briefly.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Underground facilities, such as water and sewage transport, oil storage and metro, have 

developed greatly for decades in many countries, especially in Japan. Underground 

construction is somewhat different from that on the ground since its geological 

environment is difficult to investigate and the working condition is changeable often. 

Deformation monitoring is an indispensable item carried out during construction. As 

shown in Table 1.1, various kinds of deformation measurements (labelled in gray paint) 

are included in most of the monitoring plans for underground constructions[1]. It plays an 

important role for safety management of underground constructions. Firstly, deformation 

measurements are able to give an intuitive understanding of the performance of structures 

during construction, in association with other measurements like stress monitoring. 

Furthermore, the parameters of tunneling using New Austrian Tunneling Method 

(NATM) are optimized depending largely on the measured results of deformation during 

the excavation, which relates to total cost of the construction[2,3]. Deformation 

measurements are also used to examine the results of the theoretical and numerical 

analysis, which contributes significantly to the improvement of the ability to estimate the 

external loads and choose proper analytical models. 

Table 1.1 Typical items of measurement in underground constructions 

Underground constructions Typical items of measurement 

Foundation pit excavation Axil force of Struts Deformation of 

diaphragm wall 

Settlement of 

ground 

Groundwater 

level change  

Shield tunneling Convergence of 

ring 

Movement of joints Rotations of 

ring 

Soil pressure in 

the chamber 

NATM tunneling Convergence  Rebound of convert 

slab 

Stress of rock 

bolts  

Stress of steel 

ribs 

Measurement involves two significant aspects. One is to provide the engineers with useful 

tools for measuring (collecting the information of deformation). The other is to compute 

the measured data for displaying (disseminating the information). In a common sense, the 

most measured results are prepared for the engineers or the project managers, who are 

responsible for assessing the levels of risk during construction. In case of an emergency, 

if necessary, the alarm would be sent out to the construction workers in the workplace. 
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Actually the workers are prone to be exposed directly to the potential risks during 

construction. They are in need of special safety care from equipment to management in 

order for the accomplishment of construction. Although the advances in measurement 

technologies for constructions have make the monitoring work easier and more 

convenient, it is found those instruments are mostly concentrating on collecting and 

analyzing the information for the technicians. The real-time measurement also focuses on 

the first aspect as information collection. One limitation is that the workers on the field 

could not be efficiently informed of the dangerous conditions. In some situations, a delay 

of just one second in warning could lead to apparently different consequences, particularly, 

in relation to the lives of the workers. It is necessary to consider the participation of 

workers in the monitoring work of construction projects. There is a need to have the 

monitoring instruments sharing the safety information with both the engineers and 

workers at the construction site. 

The cost of measurement is another issue to be considered in practice[4]. It is ideal to 

complete a high-quality construction project at low cost. The construction managers have 

to execute the cost control, of course, including the cost of measurement. As for the tunnel 

construction in particular, because the length of tunnel is much longer than the dimension 

of its cross section, it is impossible to measure the deformations at all the cross sections 

along the tunnel. The measured points or locations are usually chosen at the control 

sections based on the numerical analysis results, and the experts’ experience as well. Due 

to the unusual changes in the geological condition, there might be some under-estimates 

of the deformations at some cross sections, where deformations should be monitored but 

ignored at the planning stage of construction. Therefore, it is necessary to develop new 

monitoring approaches that take care of the difficulties in practice.  

1.2 Development of On-Site Visualization 

A new monitoring scheme called “On-Site Visualization” (OSV for short) has been 

proposed by Akutagawa S. in order to improve the levels of measurement during 

constructions since 2006. It aims to 1) sense the deformation, the inclination, or the strain 

in structures, and 2) visualize the measured results in real-time as different colors of light 

or other signs which can be visually identified by the people at the construction sites[5-7]. 

OSV is supposed to address the presentative issues of measurement raised in the previous 

section.  

As shown in Fig. 1.1, the monitoring procedure of OSV is different from that of 
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conventional monitoring methods. For conventional monitoring methods, it takes several 

steps to accomplish a measurement task. Generally, the information like deformation, 

inclination, temperature, etc. is collected by the sensors set up at the designed points of 

structures. Then the measured results are processed by the computers (or data loggers) 

and the final report is analyzed by the professionals. At last, the safety condition of 

construction would be announced to the workers or engineers at the sites according to the 

warning levels. 

 

 

 

 

 

 

 

 

Figure 1.1 Monitoring procedures of conventional measuring methods and OSV 

In contrast, the OSV sensors are able to show the indication of measured information in 

real-time to the workers and engineers directly. The function of data processing and 

alerting is integrated with the measuring system in the OSV sensors. This is the most 

significant advantage of OSV which contributes to save the workers’ time to escape in 

reaction to the emergency at the construction sites.  

Furthermore, OSV helps to raise the workers’ awareness of safety during construction, 

especially in the developing countries with many untrained workers. The safety training 

and education activities associated with OSV are usually performed in advance for the 

workers and engineers. Therefore, the safety management of construction could be 

improved through the application of OSV sensors and the corresponding safety training 

for the workers.  

Information (Deformation, inclination, etc.) 

Sensors 

Computers 

Reports 

Workers, Engineers, etc. on site 

OSV sensors 

Flow of conventional monitoring  Flow of On-Site Visualization 
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After more than 10 years of persistent research and exploration, a series of sensors based 

on OSV has been developed and applied in the monitoring of construction sites in Japan 

and abroad. In 2010 On-Site Visualization Consortium was founded in Kobe, including 

the members from the government, general contractor, company, consultant, research 

institute, manufactures and so on. In 2015, C. Izumi was the first to be awarded the 

doctoral degree from Kobe University for his pioneering research in the field of OSV[4]. 

Generally, the development of OSV can be summarized as 3 phases by far as shown in 

Fig. 1.2[8]. 

1.2.1  Phase 1st of OSV 

The electric units are widely utilized in the OSV sensors to monitor the structures and the 

measured results are shown in real-time as different colors of the light from Light 

Emitting Diodes (LED). For example, the Light Emitting Deformation Sensor (LEDS) is 

developed to visualize the deformations as different colors of LEDs. The color scheme is 

defined as follows: dark blue (0~2mm), light blue (2~4mm), green (4~6mm), yellow 

(6~8mm) and red (8~10mm). Light Emitting Converter (LEC) is designed to convert the 

electrical signals of normal devices into different colors of light. It is a compact data 

processor with the function of real-time visualization. The normal measurement devices 

can be most of electric ones used in the conventional monitoring, such as the strain gauge, 

the displacement meter, inclinometer, etc. Hence, it is possible to utilize LEC to visualize 

various items of measurement by just connecting the LEC to the sensors with different 

functions. Another representative device is the Light Emitting Inclination Sensor (LEIS) 

which is to visualize the inclination with the accuracy of 0.01 degree.  

These sensors had been tested and applied at several construction sites and proved to 

function well for safety management[4,9]. Meanwhile, the concept of On-Site Visualization 

got gradually familiar to the civil engineers, construction managers and the civilians as 

well. Some of them kindly offered pertinent suggestions on the improvement of OSV 

sensors, which makes the ongoing upgrade in the devices more efficient. 

Since the electric units are used as the main components, the cost of OSV sensors is not 

lower than that of the conventional measuring devices. The issue of cost, which would be 

a constraint on wider application of OSV sensors, should be dealt with in the following 

device development. 

1.2.2  Phase 2nd of OSV 
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In the second phase, the analog sensors were developed to measure and visualize the 

deformations in real-time using plastic optical fibers (POF). When the white light shines 

on different color filters respectively, the selected color of light is allowed accordingly to 

pass through, which is used in the OSV sensor as the analogue signal of deformation. The 

Ground Deformation Sensor (GDS) is designed to visualize the movement of ground by 

the shift of colors of light, which is transmitted through different color filters. The sheet 

of color filters, which has the identical movement as the ground, is arranged to pass 

through the gap between two plastic optical fibers (the propagation medium of light) in 

alignment. A white light source is set up at one end of optical fiber. Thus the deformation 

of ground can be visible as different colors of light emitted at the other end of optical 

fiber. This device is possible to be applied to visualize the ground movement ahead of 

tunnel face during excavation. Its sensitivity is determined by the width of each color 

filter.  

At the same time, Light State Sensing System (LS3) is proposed to detect the subtle 

movement of granular materials like the sand particle[10,11]. It works the similar way like 

GDS. The key feature lies in the use of plastic optical fiber by transforming the movement 

into the digital signals of light intensity. Two optical fibers, both with the diameter of 

1mm, are used to read the local movement at a point. The first fiber is used to send out 

the light, and the second fiber is to receive the light reflected by the particles nearby. The 

reflected light can then be recorded by using the photo diode. If the movement of soil 

particles happens, the intensity of reflected light would change accordingly. 

Since these two methods use the visible light as the key signal transmitter, it makes the 

measurement immune to the interference of the electric and magnetic fields. Furthermore, 

because plastic optical fibers can be cut and have great tolerance to bending while 

transmitting the light, there would be much freedom to perform the measured point 

instrumentation as needed, regardless of the shape of fiber alignment.   

1.2.3  Phase 3rd of OSV 

The cost of measurement is always a non-negligible factor when choosing suitable 

monitoring methods during construction. The electric units are utilized in the OSV 

sensors during the first phase, which makes the manufacture cost at a high level. Thus the 

mechanical methods are introduced to visualize the deformation or the inclination in real-

time without using electricity. This idea is very interesting but full of challenges. The 

measurement technologies have evolved greatly from simple to complex over the past 

few decades. Various devices work based on the simple mechanical structures, which 
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were invented by our ancestors thousands of years ago, like the wheel. Now we try to 

review the wisdom of the ancients and hope to get the new inspirations for OSV. This 

thesis mainly focuses on the development of the mechanical sensors for deformation 

monitoring based on On-Site Visualization. 

Because of the mechanical structures in the design, the cost of manufacture can be 

controlled at a relatively low level and the maintenance cost is also low. Another feature 

is that the sensors are able to function without electricity.
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Figure 1.2 Development of OSV 
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1.3 Literature Review 

There are various types of measurement techniques concentrating on how to detect the 

deformations in structures, whereas the devices based on specific On-Site Visualization 

are rarely to be found. Hence, the representative techniques on the generalized concept of 

visualization for deformations are introduced to show the state-of-the-art in measurement. 

The comparison of different methods for deformation measurement is shown in Table 1.2. 

These methods are suitable for different requirement of measurement in practice.  

1.3.1 Taping[12] 

A tape measure is the portable device for quantifying the distance between objects with 

an acceptable accuracy. It might be the oldest and simplest way to use taping in the 

distance survey or deformation measurement. The distance can be read directly from the 

tape at the construction sites. Taping, of course, has its limitations to cause errors. The 

length of the steel tape may vary because of the effect of change in temperature. The steel 

tape not supported along the entire length would sag in the form of a catenary due to its 

self-weight. The correction has to be applied on a precise measurement, accounting for 

all the related error sources. Moreover, since the taping is a manual approach to 

measurement, the work should be carried out at a certain frequency during construction 

by the skilled engineers. 

1.3.2 Bubble levels 

Bubble levels are commonly used to indicate the horizontal level or the inclination 

induced by deformation. There are basically two types of bubble levels. One is the tubular 

level, the other is the circular one. The bubble resting in the center, the highest point, 

shows a perfect horizontal plane where the level is placed. The reading of the bubble 

indicates to what extent the surface is parallel to the standard horizontal plane (water 

level). In some senses, it is thought to be a natural visualization of deformation by 

identifying the bubble’s positon. 

A plumb bob (weight) is suspended freely from a string and often used as a vertical 

reference line during construction. It can be also utilized as a simple tool for the 

visualization of inclination due to deformation. 

1.3.3 Total station instruments[12-14] 
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Total station instruments are widely used to measure the distance and angle in the survey. 

They are electro-optical instruments, consisting of the electronic distance measuring unit 

(laser technology) and angle measuring unit (theodolite). The measured data are 

processed by the internal computer in real-time and displayed on the screen. These data 

are recorded in the memory at the same time. The deformation measurement can also be 

performed by total station instruments using the prism reflectors set up on the structures. 

They are capable of accurate measurement of deformation automatically, thereby 

providing reliable standard for construction feedback, though the equipment cost is 

relatively high. Combined with the wireless communication technology, it would be much 

easier for the engineers to use total station instruments to measure the deformation in 

structure.  

1.3.4 Digital Imaging Correlation[15,16] 

Digital Imaging Correlation (DIC) technique is an optical method employed in the full-

field deformation measurement. It was proposed originally by Peters and Ranson in the 

1980s. By tracking and matching gray intensity between the reference and deformed 

images of the object, DIC is capable of measure and calculate the overall surface 

displacement and strain vectors under incremental loadings in a non-contact way. In the 

recent years, DIC has been improved and optimized greatly by many researchers, with 

the development of digital camera and computer technology. Now DIC is widely applied 

in the two-dimensional (2D) and three-dimensional (3D) measurement in a large range 

size of scale (10-9~102m), from the inspection of very small cracking strain in mental to 

deformation measurement of large civil engineering structures.  

DIC has several other advantages for measurement, such as simple equipment setup, no 

need of laser source, high precision, insensitive to rigid motion, applicable in and outside 

the laboratory, etc. The deformation of the object can be visualized by the colored contour 

map. Some new DIC systems are developed and tested for real-time deformation 

measurement, since it usually takes time to carry out the post processing of the images by 

the conventional DIC. There are some major limitations with DIC for accurate 

measurement. The performance of DIC depends greatly on the quality of the digital image 

of structures, which might be affected easily by the light source in the outside 

environment. The other factors, such as the changes in the structure surface due to 

weathering, ought to be considered and accessed in the result analysis.  

1.3.5 Strain gauges  
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Electrical strain gauge is a popular and powerful device to measure the strain (minor 

deformation) at a point under the loading in civil engineering[17]. Its electrical resistance, 

which can then be measured, varies with the length, thereby providing an accurate 

measurement of local strain of the object. The electrical signals are processed by personal 

computer and displayed in the form of graph on the screen. Normally, the cables are 

necessary to connect the gauges with the data loggers or the computers, which might be 

not preferred at the construction sites. And it is sometimes possible to cut the cables by 

mistake by the operating machineries. The temperature effect should be compensated 

properly for an accurate measurement, particularly in the outdoor environment. 

Traditional strain gauge is widely used to monitor the local information of the structure, 

such as the strain at a point at one direction. On the other hand, the optical fiber is 

alternatively applied to measurement the strains along the fiber alignment based on Fiber 

Bragg Grating (FBG) principle[18-19]. A FBG is a periodic modification of the refractive 

index in the core of optical fiber. The periodic refractive change can reflect a particular 

wavelength of light, so called the Bragg condition. The reflected light signals change with 

change in the spacing of periodic gratings, which is caused by the strain or environment 

temperature.  

The strain and wavelength of reflected light can be expressed as: 

 ∆𝜆𝑏 𝜆𝑏⁄ = 0.78𝜀                             (1.1) 

where λb is the Bragg wavelength, ∆λb is Bragg wavelength shift, and ε is the strain. 

FBG strain sensors have many advantages, including low power transmission, high 

sensitivity, immunity to electromagnetic interference and radiation, etc. The measured 

data can be analyzed by the computer and displayed on the screen in real-time. Although 

the cost of the processing equipment is relatively high, FBG sensors are gradually used 

for strain measurement in the long-term health monitoring of infrastructures and other 

industries.  

Table 1.2 Comparison of different methods for measurement 

Methods Accuracy Real-time Cost Contact Mechanism Automatic 

Tape extensometers ±0.2mm/10~15m No Low Yes Mechanical Manual 

Bubble levels 1 ° No Low Yes Mechanical Manual 

Total stations instrument ±2.5mm/100m Yes High Remote Optical Automatic 

Digital Imaging Correlation 1 pixel Yes High Remote Optical Automatic 
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Electrical strain gauges 5με Yes Low Yes Electrical Automatic 

FBG strain sensors 20με Yes High Yes Optical Automatic 

1.4 Objective and Scope 

The objective of the present research is to develop mechanical technologies for 

deformation measurement based on the concept of On-Site Visualization, in order for a 

better safety management of construction. 

To pursue this purpose, the basic types of deformation in structures is investigated so that 

the requirement of measurement for each kind of deformation is extracted. The 

representative mechanical structures for measuring deformation are proposed. The 

mechanical methods are not limited to the literature definition, but to refer to the methods 

which are free from electricity. Therefore, in this thesis, the mechanical methods include 

the pure mechanical methods and the optical techniques. The mechanical techniques are 

capable of a large range of deformation of from the order of centimeters to the strain level. 

The fundamental experiments were conducted to verify the proposed technologies, which 

show acceptable performance during measurement and visualization of deformation in 

structures. 

1.5 Thesis Outline 

The thesis is organized into 7 chapters. Chapter 2 investigates the fundamentals of 

deformation and introduces the basic mechanical structures for visualization of different 

deformation. Chapter 3 proposes a pulley-type method for sensing and visualizing the 

relative displacement between two arbitrary points in structures. Chapter 4 introduces an 

optical method for visualization of small relative displacement. Chapter 5 gives a very 

simple method to monitor the minor deformation caused by such as the change in 

temperature. Chapters 3 and 4 propose the methods to measure the relative displacement 

between two points. Chapter 5 introduces a method to visualize the deformation along a 

length. Further in Chapter 6, a mechanical method is proposed to monitor the deformation 

within a local area, so that the direction of principal strain is visualized. They are arranged 

from the displacement measurement between two points, to displacement along a length, 

to the deformation in a domain. Finally, Chapter 7 summarizes the thesis and provides 

recommendations for further research. The organization of the thesis is shown in Fig. 1.3. 
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Figure 1.3 Organization of the thesis
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CHAPTER 2: FUNDAMENTAL CONCEPTS 

RELATING TO DEFORMATION 

2.1 Preliminaries  

Generally in continuum mechanics, deformation is explained as a change in usual shape 

or volume subjected to mechanical loading. In order to construct the framework for 

studying deformation, deformation gradient is introduced to describe the local 

progressive deformation quantitatively by comparing the difference between the current 

configuration and the reference configuration. The deformation gradient implies the 

deformation can be obtained by any combination of rigid body rotation and pure stretch 

using the polar decomposition[1,2].  

The body of interest is composed of a set of particles (material point without any mass), 

which occupy the position in the configuration. It is mainly focused on the geometric 

change of the body’s surface in three dimensional space. Therefore, the actual geometric 

measurement can be performed on the positon occupied by a particle to evaluate the 

deformation of a body. The term of displacement (vector) of a point, which relates the 

deformed configuration to the reference configuration, is often used in the measurement 

of deformation. The displacement can be explained as the change in positon of the object. 

Nowadays, Digital Image Correlation (DIC) technique has the ability to describe the 

overall surface changes in shape of the object (displacement vectors field) in practice[3]. 

Furthermore, the strain is derived from the differential of displacement, as a function of 

the position (coordinate) of material particle, to explore the constitutive property of the 

material[2]. Strain generally refers to the changes in lengths of lines or the changes in the 

angle of two intersectional lines[4]. The constitutive relation between stress and strain 

provides a good tool to study the deformation response of material under the loading. 

Strain can also act as a basic index, so-called critical strain in rock engineering, to assess 

the failure of the rock material[5]. Hence, the allowable deformation values of different 

kinds of rock are pre-determined according to the critical strains for the safety 

management of construction. 

2.2 Classification of Basic Deformations  
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The deformations are usually depicted as different forms in civil engineering, such as the 

deflection of beam, the settlement of ground, the convergence of tunnel, the sliding of 

slope and so on. They are the results of external forces, such as bending, compression, 

tension and shear, or other stimuli like heating etc. Basic types of deformation are 

summarized in two dimensions as follows: rigid body displacement, rigid body rotation, 

simple shear, pure shear and stretch[6].  

2.2.1  Rigid body displacement 

Rigid body displacement (translation) is a movement of an object without any change in 

shape. As shown in Fig.2.1, arbitrary point i(Xi,Yi) of the object is displaced to i’(xi,yi), 

the displacement 𝑢̅ is expressed as: 

𝑢̅𝑖 = x̅𝑖 − 𝑋̅𝑖                               (2.1) 

where 𝑢̅𝑖 = [𝑎, 𝑏]𝑇, 𝑥̅𝑖 = [𝑥𝑖, 𝑦𝑖]𝑇, and 𝑋̅𝑖 = [𝑋𝑖, 𝑌𝑖]𝑇are the vectors related to points i 

and i’.   

At the same time, another point j has the displacement 𝑢̅𝑗  equal to 𝑢̅𝑖. Moreover, the 

distance between i and j remains the same while the orientation from i to j doesn’t change 

during the motion. We could have deformation gradient F=I, I is the 2×2 unit matrix.  

 

 

 

 

Figure 2.1 Rigid body displacement 

2.2.2  Rigid body rotation 

Rigid body rotation is another movement of an object without any change in shape. The 

body rotates about a point (or axis) either in the object or outside the object. Hence, the 

displacement of any points in the body might differ from each other during this kind of 

motion. As shown in Fig.2.2, the point i is displaced to point i’ by rotation. We will have: 
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𝑥̅𝑖 = 𝑅𝑋̅𝑖                              (2.2)  

where 𝑅 = [
cos 𝛼 − sin 𝛼
sin 𝛼 cos 𝛼

] and α is the rotational angle in the counterclockwise 

direction. In such a case, the deformation gradient F=R. 

 

 

 

 

 

Figure 2.2 Rigid body rotation 

Both the rigid body displacement and rotation cause no deformation, thereby having no 

contribution to the strain of the object. As for rigid body displacement, it is difficult to 

identify the deformation just by the displacement measurement of a single point. It is 

better to measure the relative displacements of any two points in the object to figure out 

whether the deformation of the object occurs. While for rigid body rotation, though most 

of the points in the object have different displacements, the relative displacement between 

two points can still be used to analyze the deformation. If the relative displacements 

between two arbitrary points in the object maintain zero, it shows that there is no 

deformation of the object. Determination of pairs of measured points in the object in 

practice should be careful, which might lead to a contrary conclusion of the deformation. 

2.2.3  Pure shear (distortion) 

The pure shear can be described as the homogenous flattening change in shape but 

causing no change in volume of the object. As shown in Fig.2.3, the position vector at 

deformed point i’ is expressed as: 

𝑥̅𝑖 = 𝐴𝑋̅𝑖                           (2.3) 

where 𝐴 = [
1 𝑎
𝑎 1

], a<1. The deformation gradient F=A. In the case of pure shear, the  
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displacements of the points in the object are not same. 

 

 

 

 

 

Figure 2.3 Pure shear 

2.2.4  Simple shear (with rotation) 

Simple shear refers to a deformation with one direction that does not change the length 

while others rotate relative to it. It can be found that simple shear involves a rotation about 

a point. As shown in Fig.2.4, the positon vector at the displaced point i’ can be expressed 

as: 

𝑥̅𝑖 = 𝐴𝑋̅𝑖                          (2.4) 

where 𝐴 = [
1 𝑎
0 1

], a<1. The deformation gradient F=A. 

 

 

 

 

 

Figure 2.4 Simple shear 

The simple shear and pure shear usually exist together during the deformation. It should 

be noted that the order of the two kinds of shear could give different results of final strain 

ellipsoid. 
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2.2.5  Stretch 

There are usually two types of stretch: one is stretch with no volume change, the other is 

the stretch with volume change. As shown in Fig.2.5 (a), the position vector at displaced 

point i’ can be written as: 

𝑥̅𝑖 = 𝐴𝑋̅𝑖                          (2.5) 

where 𝐴 = [
𝑎 0
0 1 𝑎⁄

]. The deformation gradient F=A, while |𝐴| = 1. In this case, the  

pure shear occurs. It is a common kind of deformation in structure due to pure pulling or 

pushing. 

Fig.2.5 (b) shows the stretch (dilation) with volume change. We have: 

𝑥𝑖 = 𝐴′𝑋𝑖                         (2.6) 

where 𝐴′ = [
𝑎 0
0 𝑏

]. The deformation gradient F=A’, while |𝐴′| > 1 demonstrating a  

positive change in volume, and |𝐴′| < 1 demonstrating a negative change in volume.  

 

 

 

 

 

Figure 2.5 Stretch 

The deformation usually involves the above five basic types, either a typical one or a 

combination of some of those. The affiliation relationship of basic types of deformation 

is summarized in Fig.2.6. It is found that in practice the displacement measurement 

enables us to describe the deformation quantitatively, in terms of volume change and net 

rotation. 
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Figure 2.6 Affiliation relationship of the basic types of deformation 

2.3 Strain Ellipse 

The term of strain enables us to analyze the level of deformation of structure regardless 

of the size effect. The strain is usually defined as: 

𝜀 =
∆𝑙

𝑙0
=

𝑙−𝑙0

𝑙0
=

𝑙

𝑙0
− 1                       (2.7) 

where ε is the strain, l0 is the initial length of a line, l is the final length of the line, and Δl 

is the change in length of the line. 

Homogeneous strain means the changes in size and shape at every point are identical, 

which is mathematically preferred in practice. In two dimensions, any homogenous strain 

can result in (1) originally straight lines remaining straight, and (2) parallel lines 

remaining parallel[4]. Taking the simple shear for example, it can be illustrated as shown 

in Fig.2.7. A unit circle (r=1) is set up in the structure before deforming. Any initial point 

(x, y) on the circle can be rewritten as:  

𝑥2 + 𝑦2 = 12                          (2.8) 

When the simple shear strain is applied, the new coordinate (x’, y’) of the point can be 

rewritten as: 

𝑥′ = 𝑥 − 𝛾𝑦                           (2.9) 

𝑦′ = 𝑦                               (2.10) 
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where γ is the shear strain.  

From Eqs. (2.9) and (2.10), we can have: 

𝑥 = 𝑥′ + 𝛾𝑦                           (2.11) 

𝑦 = 𝑦′                               (2.12) 

Substituting Eqs. (2.11) and (2.12) into Eq. (2.8), we would have:  

(𝑥′ + 𝛾𝑦′)2 + 𝑦′2 = 12                       (2.13) 

or                  𝑥′2 + 2𝛾𝑥′𝑦′ + (1 + 𝛾2)𝑦′2 = 12                   (2.14) 

Eq. (2.14) indicates that it is an ellipse after deformation. The symmetric axes of ellipse 

are inclined to the coordinate axes respectively. As shown in Fig.2.7 (b), the longest and 

shortest axes of the ellipse are the directions of the principal strains, which are always 

perpendicular to each other. The magnitude of half of the two major ellipse axes can be 

expressed respectively as: 

 𝑆1 = 𝑙 𝑙0 =⁄ 1 + 𝜀1                        (2.15) 

𝑆3 = 𝑙 𝑙0 =⁄ 1 + 𝜀3                        (2.15) 

where S1 is the stretch of the longest major axis of ellipse, S3 is the stretch (shortening) of 

the shortest axis of ellipse, ε1 and ε3 are two principal strains respectively. 

 

 

 

 

 

Figure 2.7 Transformation from a circle to an ellipse under the condition of homogeneous 

strain  
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Generally, if the structure is strained homogeneously, the circle would be deformed to be 

an ellipse. In practice, the structure is not always deformed homogeneously. So the 

heterogeneously strained body can be divided into several small domains where the 

strains are homogeneous. Similarly in three dimensions, the unit sphere of strain becomes 

an ellipsoid under the condition of homogeneous strain. 

2.4 Mechanical Methods for Deformation Measurement 

A number of basic mechanical structures are easy to be found in the industrial machines 

or vehicles, which facilitate our daily life greatly. Some of the structures, such as the lever 

and pulley, have been utilized for thousands of years. We now review the basic 

mechanical structures and reconsider their possible applications in the field of 

measurement. Basically the deformations are detected by the relative displacement 

measurement between two points. The representative structures that have the possibility 

to be used to sense the deformation are summarized in Table 2.1. They fall into four 

categories, including direct approach, relay, enlargement and transformation. The 

mechanical elements of link, circle, wheel and rigid bar etc. are involved in our choices. 

Among them, (a), (c), (d), (f) and their modifications will be described in detail in the 

following chapters. The others are introduced briefly in this section.  

The feature of the direct approach is how to visualize the measured displacement. The 

method (b) makes use of the new polymer materials whose color changes according to 

the body stretch. The polymer is blended with small amount of fluorescent dye by melt 

processing. The material manifests different color in response of deformation due to the 

mechanochromic effect of the special dye[7,8]. This is a promising technique for more 

accurate visualization of the deformation as long as the sensitivity of the emission is 

improved. 

The light path in (e) can be used to measure the displacement remotely, where the object 

is out of touch. The laser pointer is a good device in a simple visualization of deformation 

because the coherent light beam can stay narrow within a considerable distance. 

The method (g) takes advantage of the incompressible characteristics of liquid. The liquid 

is filled in the cylindrical container with two sections of different diameters, just like a 

syringe. When the liquid in the large cylinder is pushed into the small one by the plunger, 

the movement of the free surface will be larger than that of the plunger, depending on the 

ratio of the two diameters.  
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Table 2.1 basic mechanical structures for sensing the deformation 
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2.5 Accuracy, Precision and Resolution[9,10] 

When evaluating the quality of the measurement with a sensor, two terms, accuracy and 

precision, are often mentioned. Precision is the extent to which the measured values differ 

from one another. It shows the repeatability of the results of same measurements under 

an unchangeable condition. 

Accuracy is the measure of closeness of measured values to the true value. It should be 

compared with a standard. The precision of a sensor is affected by the variation of the 

measurement like random error. The accuracy is affected by the random error as well as 

the precision. 

Resolution is the capacity to distinct the difference clearly in measurement. For an analog 

measurement, it means the smallest value that can be reliably observed. A sensor can have 

a high resolution with a poor accuracy because the accuracy is limited to the related 

calibration standard for measurement. A high quality measurement is obtained on the base 

of high precision, resolution and accuracy. 

2.6 Summaries 

The deformation can be decomposed to several basic types. The measurement of 

displacement is commonly used to identify the deformation though it is not a perfect way. 

The mechanical structures possible to sense the deformation is discussed briefly. The 

movement of rotation and sliding are mainly utilized in these structures. The research is 

carried out by reconsidering these mechanism. The terms for evaluating the quality of 

measurement with the sensors are clarified. In addition, a standard to determine the 

reference device for accuracy analysis is introduced. The development of new mechanical 

technologies is guided by these fundamentals introduced in this chapter. 
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CHAPTER 3: VISUALIZATION OF RELATIVE 

DISPLACEMENT AS NEEDLE ROTATION 

3.1 Preliminaries 

In order to describe deformation, people often resort to the displacement. Two issues are 

raised in the measurement of displacement, including (1) how to sense it and (2) how to 

represent the measured data. Since the contact measurement of displacement between two 

points is reliable, the representation of measured result has been a matter of topic concern 

in this research. So far, different colors of light from LEDs are mainly used in the sensors 

developed to visualize many kinds of changes[1]. The electric devices for measurement 

are getting more and more advanced by taking in the new sensing technologies. The weak 

point lies in that they can generally work depending on the electricity or battery. Therefore, 

it is necessary to devise new technologies to visualize the displacement in a mechanical 

way. The mechanical structures investigated in the previous chapter are possible to fulfill 

the purpose. Some of those structures are selected to visualize the displacements with 

different accuracy required for measurement. This chapter will present the first trial to 

visualize the displacement at the millimeter level by the movement of rotation[2]. 

3.2 Description of The Method 

The first deformation sensor is a device which is able to measure the relative displacement 

between two arbitrary points and show the result by the rotation of the indicator 

simultaneously on site. As shown in Fig. 3.1, it consists of two main components. The 

first component is the thread with high stiffness in tension and good flexibility in bend 

that can mobilize a pulley to rotate when a relative displacement occurs between the two 

points connected by the thread. The pulley is to translate the linear displacement into the 

rotation, and its diameter determines the sensitivity of the measurement with respect to 

the displacement. The details of the pulley are shown in Fig. 3.2. The second component 

is the indicator, here represented as the needle, which is attached on the side of the pulley 

for visualization of the measured displacement. The length of the needle is 150mm. The 

tension of the thread rotating around the pulley is provided by the weight or spring. A 

plastic board with gradation is positioned behind the indicator so that the value of 
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displacement can be read directly (Fig. 3.3). The board is subdivided into colored sectors 

according to necessary safety levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Example of the plastic color board 
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Figure 3.1 Layout of the deformation sensor 
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Figure 3.2 Details of the pulley 
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Figure 3.4 Relative displacement between two points 

As shown in Fig. 3.4, given two points 1(x1, y1) and 2(x2, y2), the distance (d) between 

points 1 and 2 can be expressed as:  

𝑑 = √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2                    (3.1) 

After deforming, the new coordinates of the two points become 1’(x1
′ , y1

′ ) and 2’(x2
′ , y2

′ ) 

respectively. And the distance d’ between the two points is given by:  

    𝑑′ = √(𝑥1
′ − 𝑥2

′ )2 + (𝑦1
′ − 𝑦2

′)2.                     (3.2) 

Therefore, the relative displacement Δu between the two points can be given by: 

∆𝑢 = 𝑑′ − 𝑑.                           (3.3) 

Paralleling Line (1’2’) with Line(12) by rotating Line(1’2’) as shown in Fig.3.1, the 

relative distance Δu will be the same. Whatever state of Line(1’2’) is due to the structure 

deformation, this kind of parallel translation always works. In order to measure the 

movement of points 1 and 2, the pulley of the sensor is set up at point 1 which can be 

regarded as the unmovable. Whichever one is chosen as the unmovable point is up to the 

users. The thread goes around the circumference of the pulley, with one end connected to 

point 2 and the other end connected to a weight. In Fig.3.1 point 2 moves along the line 

parallel with Line (12). The relationship between the relative displacement Δu and the arc 

length l of rotation of pulley is derived as follows:  

𝑙2 + 𝑟2 = 𝑑2                           (3.4a) 

(𝑙 + ∆𝑙)2 + 𝑟2 = (𝑑 + 𝑢)2                  (3.4b) 

y 

1(x1, y1) 

2(x2, y2) 

1’(x’1, y’1) 

2’(x’2, y’2) 
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d’ 
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Eliminate r from Equations (3.4a) and (3.4b) to obtain a new Equation (3.4c): 

𝑢2 + 2𝑑𝑢 − (∆𝑙2 + 2∆𝑙 ∙ 𝑙) = 0                (3.4c) 

solve for u in Equation (1c): 

𝑢 = √∆𝑙2 + 2∆𝑙 ∙ 𝑙 + 𝑑2 − 𝑑                (3.4d) 

since:  

𝑙 = 𝑑 ∙ 𝑐𝑜𝑠 𝛼                          (3.4e) 

then: 

𝑢 = √∆𝑙2 + 2∆𝑙 ∙ 𝑑 ∙ cos 𝛼 + 𝑑2 − 𝑑               (3.4f) 

as 𝛼 gets close to 1, we will have: 

cos 𝛼 ≈ 1                           (3.4g) 

whence: 

𝑢 ≈ √∆𝑙2 + 2∆𝑙 ∙ 𝑑 + 𝑑2 − 𝑑                    (3.4h) 

finally: 

𝑢 ≈ ∆𝑙                                (3.4i) 

where Δu is the relative displacement between two points, d is the distance between two 

points, r is the radius of pulley, l is the length of the tangent line, l is the arc length of 

rotation of pulley, α is the intersection angle between the tangent line of thread and the 

line that goes through points 1 and 2. 

The results of theoretical error analysis with respect to different distance d between two 

points are shown in Fig. 3.5. The relative error ratio is expressed as: 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑖𝑜 =
∆𝑙−∆𝑢

∆𝑢
× 100%              (3.5) 

where Δu represents the actual displacement between two points, Δl represents the 

measured displacement by the mechanical sensor in Fig. 3.1.  
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Figure 3.5 Error analysis 

It can be figured out that the longer the distance between two points is (α close to 0), the 

more accurate the measured result is. Even in case of the distance of 200mm between two 

points, the relative error ratio is less than 0.14%. In addition, the relative error ratio 

decreases as the relative displacement between two points increases. All the approximate 

relationship between the actual displacement and the measured value between two points 

is based on the assumption of infinitesimal of angle . Therefore, the measured 

displacement by the sensor can be accepted as the actual displacement between two 

points. 

The deformation of structure is measured and visualized by the rotation of the indicator 

(or needle). From experience, the movement ω of tip of the indicator as small as 2mm 

can be well identified by eyesight[3]. The relationship of measured displacement Δu, 

radius of pulley r, rotation angle θ, ω and length of needle s can be expressed as: 

∆𝑢 = 𝑟 × 𝜃 = 𝑟 × (𝜔/𝑠)                       (3.6) 

It shows that smaller “r”, larger “s” can result in higher measurement accuracy. In this 

research, we have r=10.5mm, ω=2mm and s=150mm, so, Δu =0.14mm. It means that a 

relative displacement of 0.14mm can be visualized by this method theoretically. 

It should be noted in Fig. 3.4 that structure deformation may happen while the relative 

displacement Δu between the two points remains zero. In this case, the deformation 

cannot be visualized by this sensor. 

3.3 Fundamental Experiments 

Distance between two points 

(%
) 

(mm) 
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3.3.1  Material of components 

The sensor is made up of the components which can be found easily in the market. The 

reliability of the sensor depends largely on the property of the material of its components. 

A plastic pulley with a diameter of 21mm (Fig. 3.2) is adopted in this research. Its axle is 

made of steel. And the outer wheel of the pulley is made of polyoxymethylene which is 

an engineering material used in precision parts requiring high stiffness and excellent 

dimensional stability. The property of polyoxymethylene is shown in Table 3.1. It could 

be thought the influence of deformation of pulley would be negligible during the 

experiment in this research. The very important component is the thread which connects 

the two measuring points. The thread requires very high stiffness that ensures a complete 

displacement translation between two points.  

Table 3.1 Property of polyoxymethylene[4] 

 

The aramid fiber is chosen as the thread. As shown in Table 3.2, the aramid thread is the 

product which is light weight, has high strength, high modulus, and good chemical and 

thermal stability.  

Table 3.2 Property of the aramid thread used in the test[5] 

 

3.3.2  A tensile test  

The laboratory test is performed to determine the creep feature and the tensile ratio of the 

aramid thread under different weight loads (9.8N and 19.6N) as shown in Fig. 3.6. The 

tensile load is applied to the aramid thread at one end while the other end is fixed from a 

solid point at the steel block. The elongation of the aramid thread is recorded against the 

applied load at an interval of about 24 hours. This experiment was terminated in five days 

when there was no apparent change in length of the thread any more.  

Parameters Density [g/cm3] Compressive strength [MPa] Young’s modulus [MPa] 

Values 1.420 31 3500 

Parameters 

Diameter Density Elastic modulus Extensibility 

Coefficient of 

thermal expansion(<150°C) 

[mm] [g/cm3] [MPa] [%] [cm/cm/°C] 

Values 0.69 1.44 70500 4.8 4.0×10-6 
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As shown in Fig. 3.7, the aramid threads exhibit different extension characteristics with 

respect to the applied loads during the first three days. After that, the elongation of the 

thread is too small to be sensed, which allows us to deem that the aramid thread is in a 

stable state. Table 3.3 shows the results of the tensile test. The extensibility of the aramid 

thread increases as the load increases. The maximum extensibility is 0.079% under the 

load of 19.6N while it is 0.048% under the load of 9.8N.  

In case of monitoring of concrete crack, if two points within a distance of less than 500mm 

are connected by the aramid thread under the load of less than 4.9N, the elongation of the 

thread would be less than 0.15mm (calculation based on linear relationship with the load 

of 9.8N), which is hard to be identified by human eye. For the measurement of 

convergence displacement in a tunnel, the length of the thread is so large (e.g., 8,000mm) 

that the elongation of aramid thread due to applied weight should be taken account of in 

the error analysis.  

 

 

 

 

 

 

Figure 3.6 Layout of the tensile test in the laboratory 

 

 

 

 

Figure 3.7 Elongation of the aramid thread against time  
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Table 3.3 Results of the tensile test 

 

 

 

 

 

3.3.3  Critical force tests  

In order to minimize the extensibility effect of the aramid thread, it is better to keep its 

tension smaller. On the other hand, at tunnel construction site, some unexpected contact 

with the needle or thread may happen to mobilize the pulley to rotate with a slip relative 

to the thread, making the measured results incorrect. Therefore, the critical force is 

proposed to determine the proper load, which ensures there is no sliding between the 

thread and the pulley. The critical force is defined as the force equal to the maximum 

static frictional force around the circumference of the pulley as shown in Fig. 3.8. In 

another word, if the unintended external force is less than the critical force, the rotation 

of pulley mobilized by the thread without sliding can be ensured.  

 

 

 

 

 

Figure 3.8 Critical force between pulley and thread 

A critical force test is carried out under 3 different loads (4.9N, 9.8N and 19.6N) as shown 

in Fig. 3.9 and Table 3.4. It is similar to the tensile test. The sensor is fixed at a solid point 

Parameters Case1 Case2 

Weight [N] 9.8 19.6 

Temperature [°C] 23.6~24.3 

Moisture [%] 46~65 

Period of time [day] 5 

Length [mm] 630 630 

Stretch [mm] 0.2 0.5 

Extensibility 0.048% 0.079% 
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on the wall that does not move. The aramid thread is set up along the groove of the pulley, 

within one end fixed from another solid point on the wall. The other end of the thread is 

loaded by the designated weight. The result of relationship between applied load and 

critical force is shown in Fig. 3.10. It can be found that the critical force increases in 

accordance with the increasing weight load. For example, in this experiment, in the case 

of the load of 4.9N, an equivalent external force of less than 0.5N would not affect the 

results. Based on this test, a proper weight ought to be decided to provide suitable tension 

of the thread, of course, not having effect on the deformation of the structure, in the field 

measurement.   

 

 

 

 

 

 

Figure 3.9 The critical force test in the laboratory (Case 5) 

 

 

 

 

  

Table 3.4 Information of critical friction tests 

 

 

 

 

Parameters Case4 Case5 Case6 

Weight [N] 4.9 9.8 19.6 

Temperature [°C] 19.6~22.6 

Moisture [%] 33~46 
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Figure 3.10 Relationship between critical force and load 
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3.3.4  Analysis of other influence factors  

There are some other factors such as the temperature, the wind, the sunlight and the 

moisture to be in considerations which could influence the measured results of relative 

displacement during monitoring. The aramid thread in this research has a very small 

coefficient of thermal expansion under 150°C as shown in Table 3.2, which allows that 

the effect of temperature change in the tunnel can be negligible. However, this kind of 

aramid thread is not recommended to be exposed directly in the sunlight or in the 

environment with high moisture content, where the strength of the thread decreases over 

time. A further experiment on the influence due to the moisture and sunlight should be 

carried out in the next study. Nevertheless, by taking some proper protection measures, 

the sensor is possible to provide a reliable result of the displacement to meet the 

requirement of monitoring. 

It can be conclude that the accuracy of visualization by this method is determined by the 

sensing part, including the pulley and the connecting thread. Besides, the precision of 

visualization by this method is related to the resolution of the plastic color board. 

3.4 Field Experiments 

3.4.1  Project overview 

The Hachinoshiri Tunnel is located in the Pref. Yamanashi which is an important part of 

the Chubu Odan Expressway in Japan. As shown in Fig. 3.11, the tunnel project with the 

length of 2469m and the typical excavated cross section area of 82m2 was conducted by 

New Austrian Tunneling Method (NATM) through various geologies, including the weak 

ground such as the mudstone. In the weak stratum, some new excavation approaches such 

as the curved tunnel face and early invert installing methods were adopted to improve the 

tunneling stability during excavation[6]. However, when the tunnel was excavated through 

the mudstone stratum, excessive deformations of the linings of the tunnel were 

encountered with, which made the construction delayed for several months. The results 

of convergence measurement by Total Station showed a relative displacement in 

horizontal line increased to 15mm in 24 hours after the prism was set up at one measuring 

section, and 200 days later its maximum value became 674mm[7]. The mudstone is so 

weak that its strength ratio (uniaxial compression strength /weight of overburden) is less 

than 1.1 (Table 3.5). The cracks of the shotcrete could be often seen physically at the 

sidewall section along the finished tunnel (Fig. 3.12). Although the measurement of 

deformation had been carried out by Total Station every10m along the tunnel (Fig. 3.13), 
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it was necessary to enhance the monitoring of tunnel during excavation, especially for the 

deformation cracks of shotcrete associated likely with the interaction of tunnel and weak 

ground, in the intervals where not monitored before.  

 

 

 

 

 

 Figure 3.12 Cracking of the shotcrete 

 

Table 3.5 Geological parameter of the mudstone 

Rock type 

Unit weight Strength ratio Uniaxial strength 

[KN/m3] ─ [×106N/m2] 

Mudstone 21.6 0.5~1.1 0.26 

Crack of shotcrete 

Fig. 4 Geological profile of Hachinoshiri Tunnel 

 

Hachinoshiri Tunnel (Length of 2469m) 
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Figure 3.11 Geological profile of Hachinoshiri Tunnel 
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3.4.2  Monitoring instrumentation 

The deformation sensors were employed to monitor the tunnel where the conventional 

measurements were not carried out in the original measurement plan. The measuring 

points were determined by the veteran engineers. There are no specific rules to decide the 

interval of the sensors or the number of the sensors. The deformation sensors were set up 

as early as possible when the state of structure needed to be under additional monitoring. 

Moreover, the sensors should be set up in avoidance of the touch with the heavy 

machinery in the tunnel. The monitoring of tunnel structure using the deformation sensors 

is classified into two categories as follows: 

(a)  Routine monitoring  

As shown in Fig. 3.14, although the tunnel face had passed away from interval A, some 

deformations of tunnel structure were found still ongoing. In order to investigate the state 

of tunnel structure, the cracks of the lining were monitored by the deformation sensor 

(Fig. 3.15). And the deformations between the invert and the sidewall of the tunnel were 

also measured (Fig. 3.16).  

At interval B with a length of 100m behind the tunnel face, the changes in length of the 

arch section were monitored in real-time by the deformation sensors as show in Fig. 3.17, 

so that the instant deformation after tunneling could be known as early as possible.  

Figure 3.13 Conventional measurement of tunnel by Total Station (Sectional) 
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Fig. 3.18 shows the details of the installation of deformation sensor on the surface of 

shotcrete. The pulley with the indicator is fixed at the shotcrete by the bolts. As shown in 

Fig. 3.15, the pulley is set up at point 2. The aramid thread goes along the groove of the 

pulley, with one end fixed at point 1 and another end fixed by a steel nut (about 0.98N) 

or 500ml pet bottle (about 4.9N in Fig. 3.17). 

 

 

 

 

 

 

Figure 3.15 Crack monitoring (No.1124) 
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Figure 3.16 Displacement between the invert and the sidewall (No.1129) 

 

Figure 3.17 Monitoring of the change in length of the arch section (No.1375R) 

 

 

Figure 3.18 Example of installation of deformation sensor 
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excavation continued. Therefore, the convergence of the tunnel 1m away from the tunnel 

face was monitored by measuring the vertical and horizontal displacement respectively, 

which was not usually done during excavation as shown in Fig. 3.19.  

  

Figure 3.19 Convergence monitoring according to vertical and horizontal displacement 

(1m behind tunnel face) 

3.4.3  Result analysis 

(a)  Routine monitoring 

Fig. 3.20 shows some representative records of the relative displacements measured by 

the mechanical sensors, including the deformation of cracks, the relative displacement 

between the sidewall and the invert slab (heaving), and the change in length of arch 

section of tunnel. Because the details of most measuring points (for example the distance 

between two points, weight of each nut) were not recorded clearly during the monitoring, 

it is difficult to modify every value of the relative displacement due to the elongation of 

the aramid thread. Although the raw data are used in the paragraph, the trend of the 

changes of displacements would not be affected. It shows that the deformations of tunnel 

developed rapidly as the monitoring started. About two months later, the displacements 

became almost unchanged, which indicated the tunnel was in a stable condition.  

Fig. 3.21 shows a comparison between the displacements measured by Total Station and 

the mechanical deformation sensor. The heave of the invert slab was monitored by the 

mechanical sensor (No.1092). The convergence measurement of the tunnel by Total 

Station was conducted at the cross section 1m away from the mechanical sensor 

(No.1092). Although the measuring objects were different, the displacements measured 
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by these two methods show the same trend, which could present an overall image of the 

deformation process of the tunnel during construction.  

 

Figure 3.20 Results of the displacement measured by the mechanical sensors 

Figure 3.21 Comparison between the displacements measured by Total Station (TD1214) 

and mechanical deformation sensor (No.1092) 

Thus, it is very important to monitor the deformation of the lining during the initial stage 

of the construction when the deformations develop very rapidly. If an excessive 

displacement is detected as early as possible, the risk of the tunneling shall be reduced by 

Change in length of arch section 

Heaving 

Date 

Line A Line B 

Line C 

Line D 
Heave of invert (No.1092) 

  

Heave of invert (No.1092) 

  

D
is

p
la

ce
m

en
t/

m
m

 

 

Total Station 

  

4-Dec-13 14-Dec-13 24-Dec-13 3-Jan-14 13-Jan-14 23-Jan-13 2-Feb-13 



CHAPTER 3: VISUALIZATION OF RELATIVE DISPLACEMENT AS NEEDLE ROTATION 

42 

 

taking proper countermeasures. 

(b) Monitoring during break 

For the monitoring during the New Year Festival, the rotation of needle can be well 

observed with the naked eyes as shown in Fig. 3.22. Therefore, the convergence 

displacement by which the stability of the tunnel is evaluated is able to be easily obtained. 

Table 3.6 presents the results of displacement measurement of convergence. The 

measured displacements are modified considering the elongation of aramid thread. Take 

the measurement of horizontal line for example, its length is 12.5m, the weight of load 

(pet bottle filled with water) is 4.9N, the extensibility is 0.031% (simplified linear 

relationship based on Table 3.3, so the elongation of the aramid thread would be 3.8mm 

(12.5×0.031%×1000), thus, the revised displacement of horizontal line is 14.9mm 

(18.7mm-3.8mm). Based on the visualized deformation, the engineers and workers were 

able to evaluate the safety level easily as early as possible during tunneling construction.  

Table 3.6 Results of convergence measurement 

 

 

 

 

 

 

 

 

Figure 3.22 Rotation of the indicator visualizing change of the horizontal displacement 
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3.5 Discussions  

For the measurement during tunneling, the deformation of the tunnel is usually measured 

by Total Station only at selected sections and there is a delay to report the results of 

measurement. In order to improve the quality of monitoring, it is better to employ easy-

to-use sensors as an auxiliary means for monitoring. The mechanical method without 

using electric device is expected to measure and visualize the relative displacement 

between two points in real-time at an acceptable cost, which makes it possible to monitor 

displacement at many locations during tunneling. Furthermore, the structure of the sensor 

is very simple so that even the onsite workers can easily repair and modify the sensor 

when it is broken. Thirdly, since the deformation sensor is easy to be installed on site and 

works immediately, an earlier acquisition of the deformations of tunnel during 

construction is able to be achieved. If an unusual displacement is specified early by the 

mechanical sensor, a precision measurement of the structure with Total Station can be 

carried out in response. 

The aramid thread is used in this research as the connection between two points. Though 

it has very high elastic Young’s modulus, the laboratory experiment proves there exists a 

little elongation of the thread over time. But the elongation of the thread can be controlled 

at very low level by choosing a proper light weight. The invar wire, which has been 

widely utilized in the accurate measurement of displacements in slope failure, would be 

tried in future research[8].  

3.6 Applications  

The original intention of the use of the mechanical deformation sensor is to find the 

deformations of the structure as early as possible and at as many locations as possible. It 

can be implemented at the area of secondary importance where large deformations might 

emerge, or progressive deformation of the cracks in shotcrete. As shown in Fig. 3.19, the 

increase of deformation of cracks can be well visualized by this sensor, and the engineers 

at the construction site are able to judge whether it necessary to take action to enhance 

the supporting strength of the tunnel synthetically. It can also work in the area of 

importance, which is visually blocked by the air duct or construction machine and Total 

Station cannot be used.  

The examples have proved that the proposed method not only fulfills that purpose, but 

also can be extended to monitor the displacement of much smaller or larger order just by 
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changing the radius of pulley. Therefore, in practice, not only can the structures during 

construction be monitored by this deformation sensor, but the old tunnel can adopt it for 

monitoring of deformation during service time. This method is also applicable in 

monitoring the movement of the slope, the foundation pit excavation and so on. 

3.7 Conclusions 

The mechanical method based on the concept of On-Site Visualization is proposed to 

monitor the relative displacement between two points, such as convergence displacement 

of tunnel and the cracks of linings. The laboratory and field experiments were carried out 

to verify the feasibility of this method. The field measurement provides the realistic 

quantitative and visible evaluation of the onsite performance of the tunnel structure during 

excavation. Therefore, it is possible to improve the safety management of construction by 

using this mechanical method.  
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CHAPTER 4: VISUALIZATION OF SMALL 

DISPLACEMENT USING PINION ROTATION AND 

MIRROR REFLECTION 

4.1 Introduction 

Some scientific instruments like Vernier caliper or micrometers are commonly applied in 

a precise measurement of small distance, which is difficult to detect directly by naked 

eyes[1]. Other devices are used to measure the very small displacement by amplifying it 

to be more visible. For instance, the single lever can be found in an old caliper (see Table 

2.1). It is a straightforward way to have the small scale enlarged to be identified in the 

monitoring of displacement. The useful magnification is limited by the physical length of 

the lever and position of the fulcrum.  

Give an open circumstance, the light is able to travel in a straight line as long as possible, 

which breaks the limit of instrument size. Hence, the optical reflection is adopted in an 

attempt to amplify the small displacement like the single lever[2-4]. Basically, the lever 

system works in the form of rotation, associated with the term of angle. A relevant optical 

method has been tested to monitor the inclination angle of the slope using a circular mirror. 

The mirror is set up at the measuring point so that the ground and the mirror can move 

together. The observer (fixed point) can identify the inclination of the ground by the 

movement of image of the light-emitting diode (LED) light (fixed point) reflected from 

the mirror (movable point). We called this method “Single Observation Point” (SOP) [5] 

because multiple measuring points can be monitored at the same time from only one 

observation point. Since it is possible to identify the rotational angle by using a mirror, if 

the relationship between the linear displacement and rotational angle is established, the 

visualization of displacement can be achieved consequently.  

In this chapter, an improved optical method for visualizing small displacement is 

presented in two steps based on the research of SOP. As shown in Fig. 4.1, the linear 

relative displacement is firstly converted into the rotation by a rotational structure. 

Secondly, the rotation angle is monitored visually with a rectangular mirror. As a result, 

the small relative displacement can be estimated just by judging the width of the shift of 

the mirrored color stripes. The laboratory experiments were conducted accordingly to 
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verify the possibility and feasibility of the method. Finally, the application of this optical 

method is discussed briefly.    

 

 

 

 

 

Figure 4.1 Procedure of visualization of small deformation 

4.2 Visualization of Rotation Angle 

4.2.1  Mechanism of the optical method 

The relative displacement monitoring is premised on the basis of a precise measurement 

of angle. The mirror refection is made use of in a subtle way. A rectangular plane mirror 

is chosen as shown in Fig. 4.2. In Fig. 4.3, the plane mirror is set up at a distance l (OP) 

from the observer. The width of the mirror is d (M1M2). At the same location of the 

observer, the width of the zone reflected by the mirror shall be 2d (AB) according to the 

law of reflection. Here, the area reflected by the mirror at a distance is defined as the 

visible zone. Assume that the mirror rotates around its central axis by the angle θ while 

the observer keeps stable, the mirrored zone shall shift from AB to A’B’ accordingly, 

whose width remains 2d (A’B’). In another word, Line AB can be seen at point P at the 

initial phase. As the mirror rotates gradually to an angle of θ, the range of the initial visible 

zone (AB) would be narrowed simultaneously and finally Line AB disappears from the 

view. Therefore, the rotation could be identified by checking the shift of the mirrored 

zone. It is noted that the reference in the mirrored zone and the observation point P should 

be stable during the monitoring.  
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Figure 4.2 A rectangular plane mirror 

 

Figure 4.3 Schematic of light reflection from the mirror (yz-plane) 

A panel with blue, red, yellow and green stripes is designed as the reference in the 

mirrored zone as shown in Fig. 4.4. Each of the color stripes has a width of 2d, equal to 

the width of the visible zone from the mirror. At first, the green stripe is adjusted to fill 

the range of the visible zone completely. If the mirror begins to rotate to angle of θ in the 

yz-plane, the reflected image of the panel will shift from green stripe to yellow stripe, to 

red stripe, and to blue stripe as shown in Fig. 4.5. The relationship of a complete shift of 

one stripe (ΔH=2d in Fig. 4.3), the relationship of the rotation angle, the distance between 

the mirror and the observation point can be expressed as follows: 

2θ×l=2d  (4.1) 
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d 

2d 

2d 

θ 

Center line 

l 

2θ 

2θ 

Initial visible 

New visible zone according to θ 

ΔH θ 

y 

z 

Observation point 

M1 

M2 

A 

B 

B’ 

A’ 

O P 

y 

x z 

Reflective surface 

d
=

3
0

m
m

 

80mm 1mm 

Photo of the mirror 

y 



CHAPTER 4: VISUALIZATION OF SMALL DISPLACEMENT USING PINION ROTATION AND 

MIRROR REFLECTION 

 

49 

 

where d is the width of mirror, θ is the rotation angle, and l is the distance between the 

mirror and the observation point. 

It is found that a larger l and a smaller d could result in a more precise measurement of 

the rotation angle. However, the visibility of the reflected image of the panel would be 

poor if a very high precision was to be pursued. A proper size of the mirror and the 

observation distance should be determined for a better visibility with respect to the 

specific condition of monitoring. Since the size of the mirror and the distance from 

observation are decided case by case, the accuracy of this method should be analyzed in 

each experiment. 

The reason that the observation point and the targeted panel are set up at the same location 

is mainly that it is easy to adjust of the mirror reflection for observation because the 

possible direction of the mirror for reflection is able to be judged in advance. The 

observation point and targeted panel can also be set up at different places so that there is 

a much complicated mathematical relationship between rotation angle of mirror and the 

width of mirrored stripes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Color panel as the reference 
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Figure 4.5 Shift of the color stripe reflected from the mirror 

4.2.2  Fundamental experiment 

An experiment of simply supported beam was carried out under different center loads, 

employing the optical method to monitor the rotation angle of the beam. The visibility 

and sensitivity of the method for rotation measurement could be checked. As shown in 

Fig. 4.6, the aluminum beam is simply supported by the rollers at its ends A and E. A 

series of loads is applied separately at point D in the vertical direction of y-axis. The color 

panel is set up along the extension Line AF of the beam, 11.21m away from point A. The 

observation point is close to the color panel, which is perpendicular to Line AF. As shown 

in Fig. 4.7, a digital camera at the observation point is used to record the reflected image 

of the color panel. The material parameters of the aluminum beam are shown in Table 4.1. 

Three mirrors are set up at points A, B and C in the beam’s neutral plane in order to 

monitor the angles of rotation at the corresponding points. The defections of the beam at 

points B, C and D are measured by the linear variable differential transformers (LVDT).  
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Table 4.1 Parameters of aluminum beam 

 

 

 

Figure 4.7 A review of the experiment (a) experiment object and (b) observation point 

and referring panel 

4.2.3  Error analysis for visualization of angle 

The rotation angles are estimated indirectly from the change of reflected color stripes. As 

shown in Fig. 4.5, it is easy to tell an exact value of the rotation angle in case of a complete 

shift of color stripe from Fig. 4.5 (a) to Fig. 4.5 (c). However, it would be difficult to 
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judge the value of angle in Fig. 4.5 (b) because the percentages of two different colors 

cannot be identified clearly. Therefore, the error in visualization of angle depends largely 

on the recognition of reflected color stripes. In another word, a complete shift of the 

mirrored color stripe determines the accuracy of the method. According to Eq. 4.2, the 

rotational angles of each mirror corresponding to the complete shift of color stripes are 

summarized in Table 4.2. The shift of the same color stripe in the three mirrors suggests 

a bit different rotation angle because the distance between the mirror and each observation 

point is different. Take the monitoring of point A for example, it is found that every 0.15 

degree of angle could be visualized clearly by this method.  

Table 4.2 Rotation angles estimated from different mirrors according to a complete shift 

of color stripe 

 

4.2.4  Result analysis 

A load of 9.8N, 98N, 196N and 294N in series is applied to the aluminum beam at its 

midpoint D. Table 3 shows the comparison of the deflections between the experimental 

results from LVDTs and those obtained from theory. As shown in Fig. 4.8, the theoretical 

deflection at any point, Z, along the span of the center loaded simply supported aluminum 

beam can be calculated using[6]: 

 𝛿𝑧 =
𝑃𝐿3

48𝐸𝐼
(

3𝑍

𝐿
−

4𝑍3

𝐿3 )  for 0 ≤ 𝑍 ≤
𝐿

2
    (4.3) 

where 𝛿𝑧 is the deflection at the point Z, Z is the distance from the left support of the 

beam, P is the applied load at the center of the beam, L is the span of the beam, E is the 

Modulus of elasticity, and I is area moment of inertia of cross section.  

The relative error 𝜀𝑎 is expressed as: 

𝜀𝑎 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 (𝐿𝑉𝐷𝑇)−𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
× 100.           (4.4) 

Mirror 

Distance between 

mirror and 

observation point [m] 

Green [degree] Yellow [degree] Red [degree] Blue [degree] 

A 11.21 0 0.15 0.30 0.45 

B 11.83 0 0.14 0.28 0.42 

C 13.07 0 0.13 0.26 0.39 
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From Table 4.3, it confirms the aluminum beam remains elastic under the centrally 

applied loads, which allows for the comparison of the rotation angles between theoretical 

value and experimental results from the mirror.  

 

 

 Figure 4.8 A simply supported beam with a load at the center 

 

The reflected images of color stripe are recorded by the camera as shown in Fig. 4.9. It 

can be found that the reflected color stripes shift accordingly as the load increases. The 

results of estimated angle from the mirror are shown in Table 4.4, along with the 

theoretical values. The estimated value of rotation angle from the mirror is calculated 

using Eq. 4.2. And the theoretical value of rotation angle can be given by: 

𝜑𝑧 =
𝑃

16𝐸𝐼
(𝐿2 − 4𝑍2)  for 0 ≤ 𝑍 ≤

𝐿

2
          (4.5) 

where 𝜑𝑧 is the angle of deflection at point z. 

Table 4.3 Deflection of the beam 

Applied 

load [N] 

Deflection in the direction of y-axis [mm] 

B C D 

Theo. 

value 

Measured 

value 

(LVDT) 

Relative 

error ε𝑎 

[%] 

Theo. 

value 

Measured 

value(LVDT) 

Relative 

error ε𝑎 

[%] 

Theo. 

value 

Measured 

value(LVDT) 

Relative 

error ε𝑎 

[%] 

9.8 0.181 0.175 3.4 0.181 0.171 5.6 0.264 0.250 5.1 

98 1.812 1.822 0.5 1.812 1.830 1.0 2.636 2.597 1.5 

196 3.625 3.668 1.2 3.625 3.678 1.5 5.272 5.210 1.2 

294 5.437 5.516 1.4 5.437 5.520 1.5 7.908 7.822 1.1 
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Figure 4.9 Reflected color stripes from the mirror 

 

The relative error 𝜀𝑏 is given by: 

ε𝑏 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 (𝐿𝑉𝐷𝑇)−𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
× 100       (4.6) 

At the supports (points A and E), there are only rotations while the deflections are zero. 

Note that the deflections at the measuring points B and C will influence the final results 

of rotation angle. For example, the deflection at point B is 5.5mm under the load of 294N. 

The proportion of effect 𝛾 due to the deflection can be given by: 

Table 4.4 Rotation angles estimated from the mirror and the corresponding theoretical value 

Applied 

Load[N] 

Rotation angle [degree] 

A B C 

Theo. 

value 

Estimated 

value 

Relative 

error ε𝑏 

[%] 

Theo. 

value 

Estimated  

value 

Relative 

error ε𝑏 

[%] 

Theo. 

value 

Estimated 

value 

Relative 

error ε𝑏 

[%] 

9.8 0.018 0.020 11.1 0.014 0.015 7.14 0.014 0.015 7.14 

98 0.183 0.192 4.92 0.137 0.144 5.11 0.137 0.145 5.84 

196 0.366 0.376 2.73 0.274 0.255 -6.93 0.274 0.265 -3.28 

294 0.548 0.568 3.64 0.411 0.371 -9.73 0.411 0.421 2.43 
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𝛾 =
2𝑢

𝑣
× 100 =

2𝑢

𝑤+2𝑢
× 100        (4.7a) 

where u is the offset of the mirror in the direction of x-axis, equal to the deflection at the 

measuring point of the beam, v is the true total amount of the shift of reflected image from 

the mirror, and w is the measured total amount of the shift of reflected image from the 

mirror. 

Thus, at the measuring point B, we can have:  

γ =
2×5.5

153+2×5.5
× 100 = 6.7(%)                (4.7b) 

When the deflection of point B is 0.17mm at the loading of 9.8N, the proportion of effect 

γ is about 0.17×2/6=5.7 %. Hence, the effect could be ignored when the displacement of 

the mirror is very small. In this case, a small angle of rotation could be measured and 

visualized appropriately by the mirror. 

4.3 Visualization of a Small Displacement  

4.3.1  Mechanism of the small displacement sensor 

A linear displacement can be transformed into the arc curve by the rotational structure, 

such as the pulley, as shown in Fig. 4.10. The rotation angle is able to be attained by the 

optical method which is tested in section 4.2. Combining these two functions, a 

mechanical displacement sensor is proposed to monitor the relative displacement between 

two points. The relative displacement can be detected and transformed into rotation in 

several ways, including the wire-pulley type and the rigid rack-pinion type as shown in 

Fig. 4.11. For pulley-wire type, the relative displacement is measured in the direction of 

line of points 1 and 2. For rack-pinion type, the relative displacement is measured along 

the axis of the rack. The mirror is fixed on the rotational structure so that both of them 

could have an identical angle of rotation. 

 

 

 

Figure 4.10 Displacement transformation between an arc and the line 

θ’ 

R 
S 

Circle  
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Figure 4.11 Different rotational structures for displacement transformation 

The relationship between relative displacement and rotation angle is given by: 

S=R×θ’                             (4.8) 

θ’=S/R                              (4.9) 

where S is a relative displacement between two points, θ’ is the rotation angle of rotational 

structure, and R is radius of rotational structure. 

Since the mirror has the same rotation angle as the rotational structure, we have: 

θ=θ’                              (4.10) 

In case of a full shift of one color stripe reflected from the mirror, from Eqns. 4.2 and 4.5, 

we can derive that: 

θ = d/l =S/R                       (4.11) 

S= R×d/l                           (4.12) 

where d is the width of mirror, and l is the distance between mirror and observation point.  

It is therefore found that the precision of this mechanical displacement sensor is 

determined by the width d of mirror, the radius R of axis of rotational structure and the 

Pulley 
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distance l between mirror and observation point. 

4.3.2  Experimental design 

There are two structures for transforming the linear displacement into the rotation as 

discussed in section 4.3.1. The idea using the pulley and wire has been introduced in 

Chapter 3 to visualize the relative displacement of mountain tunnel linings[7]. In this 

research, a structure of rack-pinion type is adopted because it seems to be a more reliable 

way to detect a small relative displacement between two points. A similar experiment of 

simply supported beam under different loads was carried out to verify the feasibility of 

the displacement sensor as shown in Fig. 4.12. A load of 0.98N, 1.96N, 2.94N, 3.92N, 

and 4.9N in series is applied at the center of the beam. The deflection at midpoint D is 

monitored by this mechanical displacement sensor as shown in Fig. 4.13. In this section, 

the information about the mechanical displacement sensor using the mirror would be 

mainly dealt with. The observation distance of Line DF is 10m. The radius of the pinion 

is 7.96mm. The displacements estimated from the mirror D corresponding to the full shift 

of each color stripe are summarized in Table 4.5 according to Eq. 4.12. It is found that 

every 0.02mm could be visualized clearly by the mirror D.  

Table 4.5 Displacement value estimated from mirror D according to a complete shift of 

reflected color stripe 

Mirror 
Distance between mirror 

and observation point [m] 
Green [mm] Yellow [mm] Red [mm] Blue [mm] 

D 10.00 0 0.02 0.04 0.07 

8760 620 620 

Observation point Unit: mm Mirror Color panel 

A B C F 

Load applied at D 

620 620 

LVDT 

2480 

1240 

y 

z 

x 

z 

Beam  

D E 

Figure 4.12 Experimental setup and instrumentation using displacement sensor 

Displacement sensor 

1240 
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Figure 4.13 Photos of the simply supported beam monitored by the displacement sensor 

4.3.3  Result analysis 

The mirror is set up at the station which stays stable during monitoring. Therefore, the 

mirror is mobilized to rotate by the rack without any offset when the displacement occurs. 

The reflected images of the color stripes are recorded by the camera as shown in Fig. 4.14. 

The reflected color stripes from the mirror shift corresponding to applied loads. As soon 

as the load of 4.9N is applied, the deflection is too large to be measured by the sensor.  

The results of displacements by the proposed sensor and LVDT are shown in Table 4.6. 

The estimated value of deflection at midpoint D is calculated using Eq. 4.12. The relative 

error 𝜀𝑐 is expressed as: 
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𝜀𝑐 =
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑(𝑆𝑒𝑛𝑠𝑜𝑟)−𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝐿𝑉𝐷𝑇)

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝐿𝑉𝐷𝑇)
× 100           (4.13) 

 

 

 

 

 

 

 

Figure 4.14 Reflected stripe from the mirror under different load  

We can find that the measured values by LVDT are not in accordance with the theoretical 

values, which suggests this is not an ideal simply supported beam experiment in case of 

very small loads. The loading method, the weight of measuring devices, the supports etc. 

might have much influence on the final results. Therefore, the measured values by the 

displacement sensor are analyzed in comparison with those measured by LVDTs. The 

results in Table 4.6 show that a small displacement can be visualized approximately by 

this mechanical displacement sensor using the mirror with a resolution of 0.02mm.  

Table 4.6 Deflection of the beam at midpoint D of the beam 

 

 

 

 

 

Deflection at midpoint D 

[mm] 

Applied load [N] 

0.98 1.96 2.94 3.92 4.90 

Estimated value by sensor 0.010 0.029 0.050 0.081 - 

Measured value by LVDT 0.009 0.035 0.055 0.110 0.112 

Theoretical  value  0.026 0.052 0.079 0.105 0.131 

Relative error ε𝑐 [%] 11.1 -17.1 -9.1 -26.1 - 

(a) Initial   (b) 0.98N (c) 1.96N 

(e) 3.92N (f) 4.9N 

D 
D 

D D 
D 

(d) 2.94N 

D 
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4.4 Remarks on Accuracy and Precision of Visualization of Displacement 

The accuracy of this method is mainly determined by the detection of the linear 

displacement, which is transformed into the rotational movement. Therefore, a high-

quality pinion-rack system is required. 

For the precision analysis. The main factor is the rotation angle visualized by the mirror. 

The use of precision manufactured mirror is highly recommended. Otherwise, the edge 

of the mirrored color stripe might not be straight, making it hard to identify the rotation 

angle correctly, like the image as shown in Fig. 4.14 (c). The temperature of the 

surroundings also has some effect on the mirror’s properties. A stable room temperature 

is preferred during monitoring. 

The second factor is the resolution of displacement visualized by this method. The 

observer is able to find the small displacement just by identifying the change of the 

reflected color stripes from the mirror. As shown in Fig. 4.5, every complete shift of color 

stripe indicates a displacement of about 0.02mm while the monitoring distance between 

the observer and the mirror is 10m. The value of double color stripes can be estimated by 

the linear interpolation between the data of corresponding color stripes. Higher resolution 

or sensitivity of the method can be achieved by means of a longer monitoring distance l 

and finer color stripes. It might weaken the visibility of reflected image of the color stripes 

from the mirror. A telescope could be used as an auxiliary measure during measurement.  

Finally, the observer is required to monitor the mirror at the same point every time. Since 

the small displacement can be identified in this mechanical method, any tiny influence 

during monitoring could lead to a large relative error in the measured result. 

4.5 Potential Applications 

The method for small displacement monitoring can be carried out without using electricity, 

which makes it attractive in the long-term safety management of the structures. Based on 

the results of the above experiments, the field test in a tunnel is going to be conducted in 

the near future as shown in Fig. 4.15. It is thought to be a promising method to be applied 

in monitoring cracks (a resolution of 0.1~0.2mm is required for monitoring[8]) in 

underground structures, movement of the rock slope, supporting structure in mining 

engineering, where small relative displacements inevitably occur.  
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Figure 4.15 A diagram of crack monitoring using the proposed method in the tunnel 

4.6 Conclusions 

A mechanical method is introduced to monitor and visualize small linear displacements 

in structures based on the concept of On-Site Visualization. Its mechanism lies in that 

linear displacement is transformed into the angle of rotation, which is identified by 

making use of the mirror reflection law. The results of laboratory experiments show the 

feasibility of visualization of the rotation angle and small displacement. The factors 

influencing the accuracy and precision of this method are discussed briefly, which should 

be taken into account in practice. 
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CHAPTER 5: VISUALIZATION OF BEAM 

DEFORMATION DUE TO TEMPERATURE CHANGE 

USING A THIN BAR 

5.1 Problem Statement 

The deformation of structure happens due to the 1) applied load or 2) temperature change. 

In the first, deformation is described by the relative displacement between two discrete 

points which can be visualized as the movement of rotation. The temperature change in 

the second case usually introduces thermal deformation in the structures[1]. If the 

temperature-induced deformation in structure is permitted freely, the structure would 

expand or contract, corresponding to the positive or negative change in temperature. At 

the same time, the internal stress would not occur. If the structure is constrained strictly, 

the thermal stress would be developed while the change in length is difficult to identify. 

The stress-strain behavior of the structure is quite different from that of the normal 

structure under loading. That is to say, the stress of structure cannot be deduced easily by 

the measurement of thermal deformation.  

The thermal deformation is possible to put the structures that are sensitive to the 

temperature change in danger. In underground construction, the axial forces of steel strut 

(beam) used in the foundation pit vary especially during a summer day even though the 

excavation is stopped[2,3]. The force reaches the maximum value during the noon while 

drops to the lowest in the night. The main cause of variation of force of the struts is exactly 

the temperature change[4,5]. Therefore, in order to prevent the maximum strut forces from 

exceeding the designed value, it is of importance to monitor the axial force of the strut as 

well as its deformation.  

As for monitoring the force, the common way is to use a load cell in practical 

measurement. We have known that it is difficult to estimate the strut force just by 

measuring the thermal deformation of the strut. So the mechanical methods to measure 

the relative displacement between two points in the previous two chapters can’t apply to 

this case so as to evaluate the stress directly. Another issue related to monitoring the 

deformation is that the thermal deformation is very small, which requires a high accuracy 

of the measurement. 
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5.2 A Solution for Relating Deformation to Force 

Ideally, the thermal force of strut in an excavation can be obtained in two steps by using 

the principle of superposition as shown in Fig. 5.1. First, the free thermal deformation 

(elongation) in Fig 5.1 (b) is calculated as[6]: 

∆𝑥 = 𝛼 × ∆𝑇 × 𝐿                        (5.1) 

where Δx is the thermal elongation of strut, α is the coefficient of linear thermal expansion, 

and ΔT is the change in temperature, and L is the strut span. 

 

 

 

 

 

 

 

Figure 5.1 Thermal deformation in a retaining wall and strut system 

Then, an external supporting force is applied at free end B of the strut (Fig. 5.1 (c)) to 

restore the strut to the original position on the constrained condition subjected to the 

temperature change (Fig. 5.1 (a)). The compression should be Δx. So the axial force of 

strut with both ends constraint can be given by: 

𝑃 = 𝐸𝐴(∆𝑥 𝐿) = 𝐸𝐴(𝛼∆𝑇)⁄                    (5.2) 

where P is the axial force of strut, E is the elastic modulus, and A is the cross sectional 

area of the strut. The internal force developed in the strut due to the constraint by the 

retaining wall can be expressed as: 
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𝑃′ = 𝑃 = 𝐸𝐴(∆𝑥/𝐿)                     (5.3) 

where P’ is the thermal axial force of strut. 

Therefore, the relation between the deformation and axial force is established 

theoretically. It is possible to compute the axial force of strut by measuring the 

deformation Δx. 

5.3 Mechanism of Small Displacement Sensor 

Since the thermal deformation of a free beam is very small, the relative displacement 

between two nearby points in the body is much smaller. It is difficult to visualize the small 

displacement clearly by the rotational structures like the pulley. There should be some 

improvement to the rotational structure in such case of small displacement visualization. 

A segment of the beam can result in a larger thermal deformation than that between two 

points near to each other. Furthermore, the rotational structure with a small-diameter axis 

performs much sensitively to the linear movement.  

Therefore, a mechanical sensor is designed as shown in Fig. 5.2 for visualizing small 

displacement. The thin steel bar with a radius r is sandwiched between two rigid beams. 

A plastic mini-flag is attached perpendicularly at one end of the bar with the length 

l .When a relative movement occurs between the two beams, the thin bar would be 

mobilized to rotate with an angle θ. The relationship between the displacement and 

rotation angle can be expressed as: 

  𝑑 = 𝑟 × 𝜃                              (5.4) 

where d is the linear relative displacement (movement), r is radius of the thin bar (needle), 

and θ is the rotational angle. For example, assuming d =0.1mm and r =0.5mm, the angle 

of θ will be 11.5°, which could be recognized by the rotation of the flag (l =60mm) 

attached on the steel bar. The values can be read directly from the board with scales behind 

the flag.  
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Figure 5.2 Mechanism of the displacement visualization by mechanical sensor 

5.4 Experiment Description and Result Analysis 

Two types of experiments were presented in order to verify the feasibility of the sensor 

for small displacement visualization in the following two sections respectively. The first 

one is designed to test the monitoring of small displacement by this proposed sensor. The 

other is to test the visualization of small thermal deformation by the sensor. 

5.4.1 Experiment of a simply supported beam 

(Ⅰ) Experiment 

An experiment of a simply supported beam was conducted under different center loads 

as shown in Figs. 5.3 and 5.4. The aluminum beam is supported by the rollers at both 

ends. The material parameters of the main aluminum beam are presented in Table 5.1. 

Under the loading at the center C, the upper side of the aluminum beam is in a state of 

compression, while the opposite side is in tension. In order to monitor the deformations 

(change in length of AC) at the top and bottom of the beam subjected to different center 

loads, another two aluminum beams used as the references are set up on the two sides of 

the main beam respectively. Each reference beam has one end fixed at point C. The length 

of reference beam could be regarded as the same when bending together with the main 

aluminum beam. The mechanical sensor is set up between the main beam and the 

reference one. The deformations at the upper side of the beam are also checked by a dial 

indicator. The deflections at points B, C and D are measured by linear variable differential 

Movable beam 

Reference beam 

(a) Before (b) After 

Thin steel bar 

Mini flag 
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θ 
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transformers (LVDT). 

 

 

 

 

 

Figure 5.3 Layout of the experiment of the simply supported beam 

 

 

 

 

 

Figure 5.4 A view of the experiment  

Table 5.1 Parameters of aluminum beam 

 

(Ⅱ) Result analysis 

A load of 9.8N, 98N, 196N and 294N in series is applied at the center of the aluminum 

beam. A comparison of the deflections between the experiment results measured by 

LVDTs and those calculated from theory is shown in Table 5.2[7] (the same as that of Table 

Beam size Young’s Modulus, E 

[N/m2] 

Moment of inertia, I 

[m4] Span [m] Width [m] Height [m] 

2.480 0.075 0.030 7.0×1010 1.68×10-7 

620 620 

Unit: mm 

A 

B 

C 

Loading 

620 620 

LVDT 
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30 
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4.3, only the marking numbers are different). It can be found that results from experiment 

and theory agree very well, which suggests that the aluminum beam stays elastic under 

the center loadings. Thus it allows a comparison of the change in length of AC between 

the experimental and theoretical results. 

Table 5.2 Deflection of the beam 

Applied 

Load[N] 

Deflection in the direction of y-axis [mm] 

D B C 

Theo. 

value 

Measured 

value 

Relative 

error[%] 

Theo. 

value 

Measured 

value 

Relative 

error[%] 

Theo. 

value 

Measured 

value 

Relative 

error[%] 

9.8 0.181 0.175 3.4 0.181 0.171 5.6 0.264 0.250 5.1 

98 1.812 1.822 0.5 1.812 1.830 1.0 2.636 2.597 1.5 

196 3.625 3.668 1.2 3.625 3.678 1.5 5.272 5.210 1.2 

294 5.437 5.516 1.4 5.437 5.520 1.5 7.908 7.822 1.1 

Fig. 5.5 shows the records of the visualization of relative displacements by the mechanical 

sensors under different center loads. At first, the relative displacement is too small to be 

detected when the load is 9.8N. Then, the sensors react to rotate as soon as the heavier 

load is applied. Moreover, the readings of the relative displacements from the two 

mechanical sensors are in agreement with those from the dial indicator. Thus, the results 

from upper mechanical sensor (M1) will be adopted in the next comparisons.  

The measured values as shown in Table 5.3 are read directly from Fig. 5.5 with an 

accuracy of 0.05mm. It shows that the mechanical sensor can give an acceptable result of 

the small relative displacements, comparing with the theoretical value. The feasibility of 

the sensor for small displacement visualization is proved.  

Table 5.3 Compression of the upper side of the beam 

 

 

 

 

 

Applied load [N] Theoretic value [mm] Measured value [mm] 

9.8 0.004784 - 

98 0.047836 0.04 

196 0.095673 0.10 

294 0.143509 0.15 
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Figure 5.5 Results of relative displacements measured by the mechanical sensor and dial 

indicator 

5.4.2 Experiment of thermal expansion 

(Ⅰ) Experiment 

A thermal expansion experiment was designed to investigate the deformation of metals 

by using the proposed sensor as shown in Fig. 5.6. A steel block is used to model the 

retaining wall of the excavation, which serves as the constraint of the aluminum beam 

during thermal expansion. An aluminum beam (basal beam), simulating the strut of the 

excavation, is fixed at its both ends by the stainless bolts on the steel block. There is 

another aluminum beam (free beam) with one end fixed on the basal beam. The free beam 

has the same cross section as the basal one. The steel block and aluminum beams expand 

with the increasing temperature. Since their linear coefficients of the thermal expansion 

are different (Table 5.4), the aluminum beam shall have a larger expansion than the steel 

theoretically. For the two aluminum beams, because the basal beam is fixed at two ends 

at the steel block while the other is fixed at only one end, they are supposed to behave 

differently even if the change in environment temperature is the same.  

(a) Load of 9.8N: d is too small to be read (b) Load of 98N: d=0.04mm 

(c) Load of 196N: d=0.10mm (d) Load of 294N: d=0.15mm 
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Figure 5.6 Layout of the thermal expansion experiment  

Table 5.4 Parameters of the metals 

Metal 
Length 

[mm] 

Width 

[mm] 

Height 

[mm] 

Coefficient of thermal expansion 

[10-6/℃] at 20℃ 

Steel block 700 100 100 10.5 

Aluminum beam (basal) 700 25 12 23.9 

Aluminum beam (free) 650 25 12 23.9 

 

The mechanical sensor sandwiched between the two aluminum beams is set up to 

visualize their relative displacements as the temperature changes. In order to increase the 

rotation frictional force between the sensor and the beams, a load of 6.4N (650g) is 

applied at the left end of the free beam (Fig. 5.7). In addition, the strain gauges are used 

to measure the strain of the steel block and the two aluminum beams (Fig. 5.6). The 

movement at the center of the two aluminum beams in the vertical direction is measured 

by two LVDTs respectively with reference of the steel block. The movement at the free 

end of aluminum beam is monitored by LVDT2, which is expected to be used as a 

reference of the mechanical sensor. The surface temperatures of the steel block and 

aluminum beams are collected by the thermocouple sensors. A digital thermometer is 

positioned 10cm above the concrete pavement to record the air temperature during the 

experiment.  

650 

12 
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Figure 5.7 Experimental setup for the thermal expansion of aluminum beam  

 

 

Figure 5.8 Surface temperature of the metals along with the air temperature (Aug. 4th, 

2015, Kobe) 

The experiment was conducted on a fine day in August of 2015. It started from 10:05 in 

the morning. All the experimental materials were exposed directly in the sunshine as 

shown in Fig. 5.6. At 16:00 when the sunlight became weak, the experiment site was 

shifted into the laboratory. The measured data were recorded automatically at an interval 

of 1min until 19:00. Fig. 5.8 shows the surface temperature of the steel block and 

aluminum beams changes along with the air temperature. The air temperature rise 

accelerated as soon as the experiment began, leveled up from 12:00, and then the peak 

temperature occurred at about 14:00 in the afternoon. It should be noted that sine the 

thermometer was set up 10cm above the concrete pavement outside, the value of peak air 

temperature would be higher than that of the weather broadcast. The surface temperature 

of the metals reached a peak from 14:30 to 15:00. As soon as the experiment was shifted 

Weight=6.4N 

(a) Front view (b) Auxiliary for increasing the friction  

(℃
) 
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to the laboratory room at 16:00, the air temperature dropped dramatically, while the 

surface temperature of the medals dropped gradually and at last it tended towards the 

room temperature.  

 (Ⅱ) Result analysis 

The visualization of the relative displacements were recorded at an interval of about 

30mins. Fig. 5.9 presents the typical results. It can be found that the maximum relative 

displacement between the aluminum beams occurred between 15:00 to 16:00. After the 

experiment continued in the laboratory room, the measured relative displacement 

decreased slowly. The yellow flag rotated in a clockwise direction, which suggests that 

the basal aluminum beam has a tendency to move left relative to the free beam due to the 

increasing temperature. 

 

Figure 5.9 Visualization of relative displacements between two aluminum beams 

From Fig. 5.10, we can see that at most of the same time the positive strain of the 

aluminum beams is larger than that of the steel block, which proves the aluminum extends 

more than the steel. The strains of the two aluminum beams are quite close, which means 

the constraint condition of the basal beam has only a little effect on the development of 

(a) 10:17  d=0 (b) 12:05  d=0.02mm (c) 15:59  d=0.03mm 

(d) 17:01  d=0.025mm (e) 18:15  d=0.02mm (f) 19:03  d=0.02mm 

Note: d is the relative displacement between the two aluminum beams 
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its strain. All the strains of the metals dropped sharply as soon as the experiment was 

moved into the room at 16:00. Here, an interesting phenomenon was observed that the 

strains of metals dropped to be negative. The fact that the room temperature was lower 

than the air temperature at the start of experiment might be a main cause of this result. 

 

Figure 5.10 Strain of the steel block and aluminum beams 

Fig. 5.11 shows the heaving of the two aluminum beams happened. The heaving of the 

basal aluminum beam is larger than that of the free beam at any given time during the 

experiment.   

 

Figure 5.11 Relative displacements measured by LVDTs 

Therefore, the deformation mechanism of this experiment could be speculated about as 

shown in Fig. 5.12. All the metals expand as the temperature increases. For the basal 

aluminum beam, it expands more than the steel block while having both ends fixed on the 

steel block. As a result, the basal aluminum beam is forced to heave subjected to the 

increasing temperature at its center. Since the free aluminum beam is fixed at one end 

with the basal one, they would have the same rotation angle at the fixed end, causing the 

free beam rising up at its free end (left end). Thanks to the additional weight applied at 

the left end of the free beam (Fig. 5.7), the sensor could remain nipped exactly between 
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) 
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the two beams. So it is easy to understand the heave of the free beam is smaller than that 

of the basal beam at the midpoint, resulting in the clockwise rotation of flag.  

 

Figure 5.12 Estimate of deformation process due to temperature change 

Fig. 5.13 shows the displacements measured by the mechanical sensor and those 

measured by LVDT2 at the end of free beam. The displacements measured by these two 

methods are not the same. The displacement measured by LVDT2 is the horizontal 

component of the superposition of the relative expansion of free aluminum beam and 

circular movement of free end due to the rotation of free beam. On the other hand, the 

displacement between the two aluminum beams measured by mechanical sensor results 

mainly from the special pattern of deformation of the two beam. 

 

Figure 5.13 Displacement results 
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Free aluminum beam 

(a) Origin 

(b) Deformed 
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5.5 Discussions  

The constraint condition has much effect on the performance of the aluminum beam 

subjected to the temperature change. In the above thermal experiment, since there exists 

the manufacturing error in the bolt holes, it is difficult to form perfect rigid constraints on 

both ends of the basal aluminum beam. As a result, a special pattern of deformation was 

observed in the case of temperature change. The proposed sensor is able to visualize this 

kind of deformation by simple rotation as long as the thin bar keeps sandwiched between 

the two beams. 

In order to estimate the axial force of strut induced by the temperature change, the rigid 

constraint on both ends is required to prevent the basal beam from heaving. The 

monitoring method by the proposed sensor is similar to the above experiment as shown 

in Fig. 5.14. It is noted that the free beam should be made of the same material as the strut. 

Based on the visualized value of elongation of the free beam, the ideal thermal axial force 

is possible to be calculated by using Eq. 5.3.   

In practical excavation engineering, there are many influence factors to consider for 

estimating thermal axial force while using this simple deformation sensor. The very 

important fact is that the retaining wall would usually deform under the acting force 

generated from the struts. Hence, the steel strut would be initially expand freely, after 

some free elongation, the ongoing expansion would be restrained. For another, although 

the length of the strut is usually large, it only needs to select one part of the strut along 

the longitude axis for monitoring using the proposed sensor. By the systematic monitoring 

of the deformation of the excavation with other measuring instruments, the proposed 

method is possible to be applied for estimating the thermal force of strut approximately.  
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Figure 5.14 Ideal thermal deformation monitoring by the proposed sensor 

5.6 Conclusions 

A mechanical sensor is introduced to visualize a small thermal displacement by means of 

transforming the displacement into the movement of rotation at low cost. Two laboratory 

experiments were carried out to verify the feasibility of this method. Compared with the 

theoretical values in the first experiment, it could be found that the mechanical method 

offers an acceptable measurement of small displacement. For the experiment of thermal 

expansion, a much smaller displacement was detected and visualized by the mechanical 

sensor. Combined with other measurements by LVDTs and dial indicator, the deformation 

process of the designed structure in response to an increase in temperature is estimated. 

Therefore, it is possible to estimate the thermal axial force by just monitoring the same 

deformation using the proposed sensor. Because this sensor is sensitive to small 

displacement, it also has the probability to be applied to monitor the concrete cracks such 

as in the safety management of old tunnels.  
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CHAPTER 6: VISUALIZATION OF THE DIRECTION 

OF PRINCIPAL STRAIN 

6.1 Introduction 

Three mechanical methods for deformation monitoring have been introduced in the 

previous 3 chapters respectively in order for a direct understanding of the structure 

performances. Furthermore, for a comprehensive investigation into the mechanical 

properties of the structures, it is necessary to measure the local strain so that the 

corresponding stress can be deduced by using the elastic modulus. There have been 

various technologies developed for strain measurement. For example, in order to measure 

the inner strain of the reinforced concrete beam, the reinforcing bar stress transducers or 

strain gauges are applied. Generally, the surface strains are usually measured by the 

electrical strain gauges[1]. However, there exist the wiring works between the gauges and 

the data loggers, which makes it inconvenient during construction. Another notable Fiber 

Bragg Grating (FBG) optical sensing technology is able to obtain the strains at multiple 

points in the structure with less cables, while the spectrometers used to detect the 

wavelength shifts are expensive and complex[2-5]. A nondestructive method using 

magnetic anisotropy sensor is able to measure the stress or strain of the steel anchors 

directly but with a low degree of accuracy. The moiré effect can be alternatively used to 

measure the displacement or strain. The strain is determined by processing the moiré 

fringes, which are developed by superposing the reference fine gratings and the master 

gratings. The master gratings are usually fixed on the surface of the deformed objects. 

More specifically, the normal strain and shear strain can be obtained by using the moiré 

fringe analysis in terms of the uniform displacement and rotation. It is regarded as a 

promising visualization technique for strain monitoring for the simple optical setup and 

acceptable sensitivity[6-8].   

The displacement is generally measured between two designated points on the surface of 

structure, and the strain at a point is defined as the derivative related to displacement. The 

state of stress, which is complicated under different loadings, is analyzed mainly by 

means of the measurement of strains. In order to know the strains in multi-directions, 

especially the principal strains at a point, it needs to measure the strains at least in three 

directions simultaneously. The digital photogrammetry technology has been developed to 

show a full-field strain vector contour by processing the image of the structures, such as 



CHAPTER 6: VISUALIZATION OF THE DIRECTION OF PRINCIPAL STRAIN 

79 

 

the Digital Image Correlation (DIC) method[9-11]. The accuracy of measurement is 

governed largely by the photographic distance, the intensity of illumination, the precision 

of the camera lens and so on. Hence it is difficult to achieve a high accurate measurement 

of surface strain in structures outdoors. Now an improved DIC method using the Line 

Scanner Camera is utilized to sense the strain in arbitrary direction at any point with a 

high level of accuracy. As the uniform light is provided by the affiliated light source near 

the scanner, the measurement can be carried out outdoors regardless of the ambient light. 

It, nevertheless, costs time to conduct the image analysis. The strain marker technique 

was introduced conceptually about 30years ago in order to determine the principle strain 

on a rock face directly[12-13]. It relied on the observation of the change in the objects of 

known shape and size, like a circle or ellipse. The size of the deformed marker is manually 

measured by ordinary methods. Furthermore, it is assumed that the strain marker has the 

same deformation property of the rock, to which the marker is attached. Because it is 

difficult to find the suitable marker in practice, the closeness of the strain of the marker 

and the measured rock should be discussed. Though there is little advancement in this 

technique for decades, its idea still has some inspiration and would be referred to in this 

chapter.  

A simple method is proposed to visualize the direction of the principal strain in a domain 

of structure in real-time. The mechanism and key structures of the sensor is introduced. 

A model sensor is manufactured which works well as a demonstration. The main factors 

which influence the sensitivity of the visualization are analyzed. The fundamental 

experiments were conducted to verify the validity of the method. Finally, the 

improvement work is described briefly. 

6.2 Determination of Principal Strain 

In this chapter, the homogeneous strain is assumed within a considerable domain of the 

structure. The two-dimensional problem of strain is mainly dealt with for simplicity. The 

three-dimensional state of strain can be obtained by analyzing the strains in three 

orthotropic planes at a point. The state of plane strain is illustrated by Mohr circle as 

shown in Fig. 6.1. If at least three normal strains at A, B and D directions are measured 

under the loading condition, the principal strains can be calculated by several approaches.  

It is known that the principal strains exist where the shear strains are zeros. The major 

principal strain represents the largest deformation in the same direction at that point. The 

measurement of strain is essentially the measurement of displacement. So, if the largest 
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(or smallest) relative displacement is identified, the major principal strain at a point can 

be determined accordingly, including the magnitude and orientation. The minor principal 

strain is thought to be of the perpendicular direction of the major principal strain. 

 

 

 

 

 

Figure 6.1 Mohr circle of strain 

Let us consider a standard circle located on the surface of the structure in the state of 

homogeneous strain. When the structure is loaded in the elastic state, the circle would be 

deformed to an ellipse, which has been illustrated in Chapter 2. There shall be a longest 

distance between two points on the ellipse as shown in Fig. 6.2. If the longest distance is 

identified in the deformed configuration, the principal strain is supposed to be obtained, 

including the scalar and orientation. This chapter introduces a mechanical method for 

visualization of the direction of principal strains. This proposed method is quite different 

from the single strain gauge method or the three strain gauges method. The direction of 

principal strain is identified directly by finding the longest distance (major axis) 

automatically between two points along the circumference of ellipse zone.  

 

Figure 6.2 An ellipse deformed from a unit circle due to homogeneous deformation 

6.3 Description of The Sensor  
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6.3.1  Components of the sensor 

The mechanical sensor consists of two important members, as shown in Fig. 6.3. One is 

the ideal standard circular ring. It can be manufactured in advance. Then the ring is 

attached on the surface of structure, so that they would have the identical deformations 

under the loading condition, similar to the strain markers used in the measurement of rock 

strain. Alternatively, the ring can be formed directly on the surface of structure for 

monitoring by drilling a hole. The other is the extendable rod, with two pulleys on both 

ends. The extendibility is provided by the two springs installed along the piston rod 

between two cylinders. The extendable rod is assembled inside the ring by mounting the 

two pulleys along the rail track at the inner side of ring. Therefore, the extendable rod is 

able to rotate freely along the rail. It is noted that the extendable rod is designed to be 

symmetrical in order to reduce its self-weight effect during monitoring[15]. In this research, 

the sensor is aimed to visualize the orientation of principal strain automatically. The 

magnitude of principal strain is easy to obtain by applying the electrical function for 

measuring the change in length of the rotational rod finally. 

 

Figure 6.3 Layout of the sensor 

6.3.2  Investigation into self-weight of rod 

A sample of sensor is made in order to verify the feasibility of this idea to visualize the 

direction of principal strains as shown in Fig. 6.4. The gray circular ring is made of 

polyvinyl chloride (PVC, Young’s modulus: 2800Mpa). The extendable rod is made up 

(a) Side view (b) Sectional view  

Pulley 

Coil spring  

Snap ring 

Piston rod   

Cylinder   
1

1
4
 
 

1
0

8
 
 

Unit: mm   

Circular ring 

Rail track 

30 

A 

B 



CHAPTER 6: VISUALIZATION OF THE DIRECTION OF PRINCIPAL STRAIN 

82 

 

of several elements, including two plastic pulleys. Two rods are prepared with different 

weights as in shown Fig. 6.4 (c) and Table 6.1.  

  

Figure 6.4 The sample of sensor 

Table 6.1 Self-weight of the components of extendable rod 

Component Pulley Piston rod Cylinder Coil spring Snap ring Washer 

Sensor Ⅰ 

Weight [N] 0.051 0.196 0.250 0.007 0.004 0.008 

Quantity  2 1 2 2 1 2 

Total weight (N) 0.830 (84.69g) 

Sensor Ⅱ 

Weight [N] 0.051 0.114 0.250 0.007 0.004 0.008 

Quantity  2 1 2 2 1 2 

Total weight (N) 0.748 (76.36g) 

6.3.3  Investigation into friction 

There are two kinds of frictions in the sensor. One is the rotational friction around the 

pulley axle as shown in Fig. 6.5 (a). The other is the rolling friction between the pulley 

and rail track. The pulley rotates by using the smooth balls which can roll freely between 

the inner and outer surface. The friction exists when the balls are rolling, though the oil 

or grease is used to reduce the friction. The friction torque of the pulley is investigated by 

means of a small experiment as shown in Fig. 6.5 (b). The wire is fixed along the groove 

of pulley, with two ends loaded by the weight of W1 and W2 respectively. At first, W1 and 

W2 are the same. Then, W2 is increased by adding the water gradually. As the pulley starts 

to rotate, the experiment is finished. The rotational friction torque in this research is 

defined as the value when the pulley is mobilized to rotate from static under the loading. 

(b) Extendable rod (a) Assembly of sensor (c) Two kinds of piston rods 

Ⅰ Ⅱ 

Ⅰ: Solid bar 
Ⅱ: Hollow pipe 
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As for sensor Ⅰ, the experiment are conducted in four cases and the results are shown in 

Table 6.2 and Fig. 6.6. The weight of wire is negligible in the experiment. The load 

applied to the pulley is calculated by: 

𝑊𝑙𝑜𝑎𝑑 = 2𝑊1                          (6.1) 

where Wload is the load applied to the pulley, and W1 is the weight conneted to the wire. 

The friction torque is calculated by: 

𝑀𝑓 = 𝑊𝑤𝑎𝑡𝑒𝑟 × 𝑟 = (𝑊2 −𝑊1)𝑟               (6.2) 

where Mf is the rotational friction torque, Wwater is the weight of water, r is the radius of 

pulley, W1 is the weight connected to one end of wire, and W2 is the weight connected to 

the other end of wire. 

 

 

 

 

 

 

 

Figure 6.5 Experiment for investigation of the rotational friction of pulley 

From Fig. 6.6, it is also found that there exists the inherent friction of pulley even if there 

is no load applied to the pulley. The friction torque increases as the applied loads grow. 

The coefficient of rotatinal friction can be given by: 

𝑐𝑟 = (𝑀𝑓 − 0.175) (𝑊𝑙𝑜𝑎𝑑 ×⁄ 𝑟)                     (6.3) 

where cr is the coefficient of rotational friction of pulley. Hence, cr of this kind of pulley 

is about 0.00689. 
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To measure the rolling friction between the pulley and rail track is not an easy thing. It 

would be talked about by comparing three types of rings whose radius of rail tracks are 

1.8mm, 2.0mm and 2.5mm respectively in section 6.6. What we can keep in mind is that 

the rolling friction has a linear proportional relationship with the applied load. 

Table 6.2 Results of the experiment for investigation of the friction torque (sensor Ⅰ) 

Cases W1 [N] Wload [N] W2 [N] Wwater [N] Mf [N∙mm] 

Case1 0.75 1.49 0.78 0.03 0.28 

Case2 1.36 2.71 1.39 0.04 0.34 

Case3 1.96 3.92 2.00 0.05 0.44 

Case4 2.56 5.12 2.61 0.05 0.51 

 

Figure 6.6 Relationship between the load and friction torque (sensor Ⅰ) 

6.4 Mechanism of the sensor 

When the extendable rod is mounted inside the ideal circular ring, it can remain stable at 

any positions as shown in Fig. 6.7. The equilibrium equations including the resultant force 

and the moment of rod are expressed respectively as: 

∑𝐹𝑖 = 0                           (6.4) 

∑𝑀𝑖 = 0                           (6.5) 

where Fi represents different force that occurs in the sensor, and Mi stands for different  

moment of rod. 
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In fact it is in the state of equilibrium, subjected to the self-weight of rod, resistance force 

against the ring, the force due to the spring and the frictions. In order for a better 

understanding of the mechanism of visualization during deformation, the analysis model 

is simplified without considering the friction and self-weight as shown in Fig. 6.8. The 

effect of friction and self-weight will be dealt with in section 6.6. It is assumed that there 

is just the contract but no rotation of extendable rod when the ring is deformed to be an 

ellipse. In addition, it is a symmetric system. Hence, the resultant force acting on the rod 

can be written as: 

∑𝐹𝑖
′ = 𝑁′ + 𝐹′ = 0                        (6.6) 

where N’ is the resistance force against the ring after deforming, and F’ is the spring force, 

which can be written as: 

𝐹′ = 𝑘𝛿𝑙0 = 𝑘(𝐿 − 𝑙)                       (6.7) 

where k is the spring constant 0.503N/mm, δl0 is the compression of the spring, L is the 

free length 93mm of extendable rod between two axles, and l is the length of rod 

compressed in the ring. 

 

 

 

 

 

 

 

 

 

Figure 6.7 Initial state of the sensor  

The moment of rod about O can be written as: 

∑𝑀𝑖
′ = 2 × (𝑁′ × 𝑏) = 2𝑁′𝑏                    (6.8) 

where Mi’ is the different rotational moment, N’ is the resistance force against the ring 

after deforming, b is the distance from center O to the line of resistance force N’. 
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Then, the extendable rod is forced to rotate due to the moment. It would stop where the 

moment recovers to be zero. As for the ellipse shape after deforming, there is no positon 

but the major axis (longest) where there is no moment of the rod. So the extendable rod 

would stop at the major axis of ellipse, which shows the longest distance between two 

points around the circumstance of ring. The position of rod indicates the direction of one 

of principal strains. The direction of the other principal strain is orthogonal to the 

visualized direction. 

 

 

 

 

 

Figure 6.8 Ellipse derived from the circle assuming the rod stays in the same direction  

6.5 Sensitivity and Accuracy Analysis 

6.5.1  Effect of friction  

Assuming that there are only frictions but no weight of the sensor, the analysis model can 

be regarded as symmetric, which allows analyzing half of the structure as shown in Fig. 

6.9. For the pulley B, when the ring is in the deformed state, the moment about point B 

can be written as: 

∑𝑀𝑖
𝐵
= 𝐹𝐵

′ × 𝑑 −𝑀𝑓
𝐵 = 𝐹𝐵

′𝑑 −𝑀𝑓
𝐵                (6.9) 

where 𝑀𝑖
𝐵 is different moment about point B, 𝐹𝐵

′  is the spring force after deforming, d 

is the distance from point B to the line of 𝐹𝐵
′ , and 𝑀𝑓

𝐵 is the rotational friction torque of 

pulley, which can be calculated by: 

𝑀𝑓
𝐵 = 0.0655𝑁𝐵

′ + 0.175                   (6.10) 

which is the fitting formula obtained from Fig. 6.6. In Eq. (6.10), 𝑁𝐵
′ , which is the load 

from the ring applied on the pulley B, can be assumed to be equal to 𝐹𝐵
′  approximately 
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as long as the deformation is very small. Then, substituting Eq. (6.10) into Eq. (6.9), we 

will have: 

∑𝑀𝑖
𝐵
= 𝐹𝐵

′𝑑 − (0.0655𝐹𝐵
′ + 0.175) = 𝐹𝐵

′ (𝑑 − 0.0655) − 0.175    (6.11) 

which shows the moment about point B is finally related to the spring force 𝐹𝐵
′  after 

deforming and the distance d from point B to 𝐹𝐵
′ . If the extendable rod is mobilized to 

rotate, we shall have ∑𝑀𝑖
𝐵
≥ 0. The distance d can be written as: 

d ≥ 0.175 𝐹𝐵
′ + 0.0655⁄                    (6.12) 

where 0.175 and 0.0655 are the values of inherent characteristics of pulley. The d denotes 

the deviation of the new contact point between the pulley and ring from the initial axis of 

extendable rod. It can be used as an index to the sensitivity of visualization of deformation. 

A small d indicates high sensitivity of the sensor. The relationship between d and 𝐹𝐵
′  is 

shown in Fig. 6.10 when the balance of rod is broken from static to motion. The larger 

spring force is, the smaller d can be. The theoretical minimum value of d is close to 

0.0655mm, which is determined by the pulley. 

It should be noted that, in fact, the resistance force 𝑁𝐵
′  against the ring, the rolling friction 

force fB and 𝐹𝐵
′  need to satisfy the force equilibrium equations of pulley B.  

 

 

 

 

 

 

Figure 6.9 Analysis model assuming no rotation of rod (in case of no weight) 
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Figure 6.10 Relationship between the spring force 𝐹𝐵
′  and distance d 

6.5.2  Effect of radius of pulley 

The size of pulley also has effect on the sensitivity of deformation visualization. Taking 

pulley B again for example, as shown in Fig. 6.11, different size of pulley results in 

different distance d, under the condition of same deformation. Some assumptions should 

be noted here. The extendable rod is only compressed without rotation. The spring forces 

corresponding to different sizes of pulleys are the same after deformation. Therefore, we 

will find that in Fig. 6.11, since: 

𝑟1 > 𝑟2                          (6.13) 

we can get: 

𝑑1 > 𝑑2                         (6.14) 

where r1 is the large radius of larger pulley, r2 is the radius of smaller pulley, d1 is the 

distance from B1 to the line of spring force, and d2 is the distance from B2 to the line of 

spring force. In addition, B1 is the contact point between larger pulley and the ring, B2 is 

the contact point between smaller pulley and the ring. 

If the pulley is located at a smooth curve with a short length after deforming, where the 

curvatures are approximately constant, the relationship between r and d can be written as:  

𝑑1

𝑑2
=

𝑟1

𝑟2
                           (6.15) 

which means that the resistance forces (𝑁𝐵1
′  and 𝑁𝐵2

′ ) against the two kinds of pulleys 
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are nearly parallel. 

 

 

 

 

 

 

Figure 6.11 Comparison of reaction of different sizes of pulley under the condition of 

same deformation 

6.5.3  Effect of self-weight of rod  

The self-weight of extendable rod is another important factor to be considered in the 

sensitivity and accuracy analysis of visualization. It affects the resistance forces against 

the ring on both ends of the rod, depending on the status of the plane of ring (horizontal 

or vertical) as shown in Fig. 6.12. In Fig. 6.12 (a) when the ring is horizontally set up, the 

self-weight would mainly affect the rolling friction of the sensor, with little influence on 

the resistance forces against the ring. In such a case, the symmetry of the structure can be 

utilized and the self-weight can be omitted in the sensibility analysis. When the rod is 

placed inclined in the vertical ring as shown in Fig. 6.12 (b), the forces against the ring at 

points A and B would be influenced by the self-weight of rod, which should be taken into 

consideration. Because of the self-weight, there is a deviation of the extendable rod from 

the center of the ring, no matter what the ring is, a circle before deforming or an ellipse 

after deforming. 

Since the sensor is designed to visualize the direction of principal strain after deformation, 

the effect of self-weight of rod would be analyzed in an ellipse after deformation as shown 

in Fig. 6.13. The analysis would be carried out based on sensor Ⅰ. 

 

Undeformed   

Deformed    
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Figure 6.12 Status of the ring 

 

 

 

 

 

 

 

Figure 6.13 Analysis model in the vertical plane considering the total weight of rod 

When the extendable rod is set up inclined at an angle of α as shown in Fig. 6.13 (a), 

supposing that the rod goes through the center O in a state of balance, from Fig. 6.13 (b), 

we can have: 

𝐺𝐴 = 𝐺𝐵 = 0.5𝐺 cos 𝛼                   (6.16) 

𝐹𝐴
′ = 𝐹′ − 0.5𝐺 sin 𝛼                    (6.17) 
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𝐹𝐵
′ = 𝐹′ + 0.5𝐺 sin 𝛼                    (6.18) 

𝐹𝐵
′ − 𝐹𝐴

′ = 𝐺 sin 𝛼                      (6.19) 

  𝐹𝐵
′ > 𝐹𝐴

′                              (6.20) 

where α ∊ [0, 90°] is the inclination angle of rod, which also means the direction of major 

axis of ellipse, GA and GB is the support force from axle of pulley A and B respectively, 

normal to the rod, F’ is the spring force, F’B is the acting force against the ring at point 

B, and F’A is the acting force against the ring at point A. 

As for pulley A in Fig. 6.13 (c), the moment against point A can be written as: 

∑𝑀𝑖
𝐴 = 𝐺𝐴 × 𝑟 −𝑀𝐴

′ > 0                   (6.21) 

For pulley B in Fig. 6.13 (d), the moment against point B can be written as: 

∑𝑀𝑖
𝐵 = 𝐺𝐵 × 𝑟 −𝑀𝐵

′ > 0                   (6.22) 

From Inequality (6.20), it is known that: 

𝑀𝐵
′ > 𝑀𝐴

′                           (6.23) 

Therefore, it is found that both pulley A and B cannot remain stable due to the unbalanced 

moment on this hypothesis. The extendable rod would have to go down to gain new 

balance. From Inequalities (6.20) and (6.23), it is shown that pulley B would regain its 

balance earlier than pulley A. 

Another assumption is made that the extendable rod would stay in a new position parallel 

to its initial direction when pulley B gets balanced as shown in Fig. 6.14. In Fig. 6.14, h 

is the deviation of rod from the center of ellipse. 

As for the rod, the moment against A can be expressed as: 

 𝑁𝐵
′ 𝑙𝑁𝐵 + 𝑓𝐵

′𝑙𝑓𝐵 = 𝐺𝑙𝐺
𝐴                     (6.24) 

where N’B is the resistance force against the ring at point A, lNB is the arm of force N’B, 

f ’B is the friction force at point B, G is the self-weight of rod, and lA
G is the arm of self-

weight of rod from point A. 
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As for pulley B, the moment against its axle can be expressed as: 

𝑓𝐵
′ × 𝑟 = 𝑀′𝐵 = 0.0655𝑁𝐵

′ + 0.175                (6.25) 

In Fig. 6.14 (c), the moment of pulley B against point B can be expressed as: 

𝐺𝐵𝑟 cos𝛽 = 𝐹𝐵
′ 𝑟 sin 𝛽 +𝑀′𝐵                    (6.26) 

where β is the intersectional angle between the N’B and the rod. 

Therefore, from Eqs. (6.16), (6.18), and (6.24)~(6.26), β, f ’B and N’B can be calculated. 

Furthermore, the deviation h of the rod can be gained.  

The balance equation of force for the rod can be written as: 

𝑁𝐵
′ sin(𝛼 + 𝛽) + 𝑓𝐴

′ cos(𝛼 − 𝛽) + 𝑓𝐵
′ cos(𝛼 + 𝛽) = 𝑁𝐴

′ sin(𝛼 − 𝛽) + 𝐺    (6.27) 

𝑁𝐵
′ cos(𝛼 + 𝛽) = 𝑓𝐴

′ sin(𝛼 − 𝛽) + 𝑓𝐵
′ sin(𝛼 + 𝛽) + 𝑁𝐴

′ cos(𝛼 − 𝛽)        (6.28) 

From Eqs. (6.27) and (6.28), N’A and f ’A can be calculated. 

As for the pulley A in Fig. 6.14 (b), its moment against the axle can be checked as: 

𝑓𝐴
′ × 𝑟 > 𝑀𝐴

′ = 0.0655𝑁𝐴
′ + 0.175                  (6.29) 

 

 

 

 

 

 

 

Figure 6.14 New position of rod when pulley B gets balanced 
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It is found that pulley A is not in a stable state. Hence, the rod would have to go down at 

the end of A until the pulley A regains balance, while its end B remains still as shown in 

Fig. 6.15. In Fig. 6.15, we define that: 

∆𝛼 = 𝛼 − 𝛼′                         (6.30) 

where α’ is the new inclination angle of rod after the pulley A gains balance, and Δα is 

the change in inclination angle of rod. 

As for pulley A, the moment against its axle can be written as: 

𝑓𝐴
′ × 𝑟 = 𝑀𝐴 = 0.0655𝑁𝐴

′ + 0.175              (6.31) 

The moment against point A can be expressed as: 

𝑓𝐴
′ × 𝑟 + 𝐹𝐴

′ × 𝑟 sin 𝛽′ = 𝐺𝐴 × 𝑟 cos 𝛽′            (6.32) 

where β’ is the new intersectional angle between N’A and the rod. 

As for the rod, the moment against point B can be expressed as: 

 𝑁𝐴
′𝑙𝑁𝐴 + 𝑓𝐴

′𝑙𝑓𝐴 = 𝐺𝑙𝐺
𝐵                        (6.33) 

From Eqs. (6.17), (6.31) ~ (6.33), β’, f ’A and N’A can be calculated. Then, the new 

inclination angle α’ can be calculated. 

 

 

 

 

 

 

 

Figure 6.15 New position of rod when both pulley A and B get balanced 
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Meanwhile, the new 𝑓𝐵
′∗ and 𝑁𝐵

′∗ can be calculated. 

As shown in Fig. 6.15 (c), the moment of pulley B can be checked. 

𝑓𝐵
′∗𝑟 < 0.0655𝑁𝐵

′∗ + 0.175 = 𝑀𝐵
′                  (6.34) 

In this case, pulley B is in a stable state, and we can have: 

𝑀𝐵
′ = 𝑓𝐵

′∗𝑟                           (6.35) 

In a mathematical simulation, the circle (its diameter is 104mm) is deformed to be an 

ellipse (the length of major axis is 106mm, the length of minor axis is 102mm). The error 

ζ of the inclination angle α is defined as:  

ζ = (∆𝛼 𝛼⁄ ) × 100                       (6.36) 

The relationship between the error and inclination angle is shown in Fig. 6.16. There is a 

sudden change of the error when the angle α increases from zero (the rod is in a horizontal 

direction). It is found that the error decreases as the inclination angle becomes larger and 

larger. Since the value of error is very small, it can be regarded that the rod has a deviation 

from the center of ellipse due to self-weight, while the direction of rod is the same as the 

initial. It also indicates that the accuracy of visualization of the direction of principal strain 

is acceptable by using this method. 

 

Figure 6.16 Relationship between the error ζ and inclination angle α of rod 
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Fig. 6.17 shows the relationship between inclination angle α of rod and the deviation h of 

extendable rod. As the angle of inclination of rod increases, its deviation decreases 

obviously. The maximum deviation h occurs when the rod is placed horizontally.  

 

Figure 6.17 Relationship between the inclination angle α and the deviation h of rod   

The weight of extendable rod has effect on the deviation h of rod too as shown in Fig. 

6.18. The deviation h of rod decreases linearly in accordance to the reduction of its weight. 

If the weight is reduced to 0.3N, the deviation h of rod would be about 1.44mm. It is 

suggested that the reduction of the weight of rod is a feasible choice in order to reduce 

the deviation of rod from the center. 

 

Figure 6.18 Relationship between the weight of rod and its deviation h 
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Fig. 6.19 shows the relationship between the spring constant k and the derivation h of the 

extendable rod. The deviation of rod decreases when the spring constant increases. The 

deviation can be reduced by increasing the spring constant. However, the effect becomes 

weaker as the spring constant increases. It is not suggested to use the spring with a larger 

spring constant because it might have an influence of the monitored object. 

 

Figure 6.19 Relationship between spring constant k and deviation h of rod 

The deviation of the extendable rod from the center is inevitable during the visualization 

of magnitude of principal strain because of the existence of the weight of rod. But the 
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6.6 Fundamental Experiments 

6.6.1  Experiment design 

Three types of rings of same diameters are designed to evaluate the sensitivity of the 
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weight (sensor Ⅰ and Ⅱ) were tested in the experiments. 

 

 

 

 

Figure 6.20 Three rings with different radii of rail tracks 

The simple uniaxial compression tests were carried out as shown in Fig. 6.21. The ring is 

set up vertically on the platform of the test equipment. The load is applied directly on the 

top of the ring at point C90. For each ring, the extendable rod is positioned with an 

inclination angle α, which shall be 30°, 45° and 60°. The displacements including the 

vertical displacements at point C90, horizontal displacements at points C30 and C180 are 

measured by four LVDTs respectively while the loads are gradually increased. In fact, the 

vertical displacement at point C90 is the average of the two values measured by the two 

LVDTs at two sides of the ring under the lower surface of movable head. The test would 

be terminated as the extendable rod starts to rotate. 

 

 

 

 

 

 

 

 

Figure 6.21 Uniaxial compression test (sensor Ⅰ) 
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6.6.2 Result analysis 

As the load is applied at the top of the ring, the ring is deformed to ellipse. Therefore, the 

line of C0 and C180 would be the major axis of the ellipse, and the distance between C0 

and C180 would be the longest in the ellipse. The inclined rod is theoretically supposed to 

rotate to be horizontal. In fact, the rod just reacted as expected as shown in Fig. 6.22. Figs. 

6.23~6.25 show the relationship between displacements and loads before the rod starts to 

rotate in case of the radius 1.8mm of rail track. The horizontal displacement is defined as 

the average of relative displacements of point C0 and C180. It is found that the 

displacements increases linearly as the growing loads are applied. The maximum vertical 

displacement of 0.92mm is needed to mobilize the rod when the inclination angle α is 30°.  

 

 

 

 

 

 

  

Figure 6.22 Rotation of the rod (sensor Ⅰ: R=1.8mm, α=60°) 

 

Figure 6.23 Displacements grow with the increase of loads (sensor Ⅰ: R=1.8mm, α=30°) 
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Figure 6.24 Displacements grow with the increase of loads (sensor Ⅰ: R=1.8mm, α=45°) 

 

Figure 6.25 Displacements grow with the increase of loads (sensor Ⅰ: R=1.8mm, α=60°) 
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Figure 6.26 Displacements grow with the increase of loads (sensor Ⅰ: R=2.0mm, α=30°) 

 

Figure 6.27 Displacements grow with the increase of loads (sensor Ⅰ: R=2.0mm, α=45°) 

  

Figure 6.28 Displacements grow with the increase of loads (sensor Ⅰ: R=2.0mm, α=60°) 
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Figs. 6.29~6.31 show the relationship between displacements and loads before the rod 

starts to rotate when the radius of rail track is 2.5mm. The maximum vertical displacement 

of 0.66mm is required to motivate rod when the inclination angle α is 30°. 

  

Figure 6.29 Displacements grow with the increase of loads (sensor Ⅰ: R=2.5mm, α=30°) 

  

Figure 6.30 Displacements grow with the increase of loads (sensor Ⅰ: R=2.5mm, α=45°) 
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Figure 6.31 Displacements grow with the increase of loads (sensor Ⅰ: R=2.5mm, α=60°) 

The maximum displacements required for mobilization of the two kinds of rods are 

summarized in Tables 6.3 and 6.4 respectively. The λ is the ratio of the horizontal 

displacement to vertical displacement. As for sensor Ⅰ, λ is in the range of about 0.38~0.42. 
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30°. 
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angle of rod has clear effect on the sensitivity of the sensor.  
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Table 6.3 Summary of the results of compression tests (sensor Ⅰ) 

R Angle α Required Displacement [mm] 
λ=H/V 

[mm] [°] Vertical Horizontal 

1.8 

30 0.92 0.35 0.38 

45 0.53 0.21 0.40 

60 0.89 0.35 0.39 

2.0 

30 1.67 0.71 0.42 

45 0.98 0.42 0.42 

60 1.35 0.57 0.42 

2.5 

30 0.66 0.26 0.40 

45 0.56 0.22 0.39 

60 1.21 0.47 0.39 

 

Table 6.4 Summary of the results of compression tests (sensor Ⅱ) 

R Angle α Required Displacement [mm] 
λ=H/V 

[mm] [°] Vertical Horizontal 

1.8 

30 0.53 0.21 0.40 

45 0.43 0.16 0.37 

60 0.86 0.29 0.34 

2.0 

30 1.09 0.42 0.39 

45 1.00 0.41 0.41 

60 0.89 0.37 0.42 

2.5 

30 0.76 0.28 0.37 

45 0.45 0.15 0.33 

60 0.67 0.27 0.41 
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Figure 6.32 Relationship between the inclination angle α and displacement (sensor Ⅰ) 

  

Figure 6.33 Relationship between the inclination angle α and displacement (sensor Ⅱ) 
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   ε =
∆𝑦

𝑦0 =
1.67𝑚𝑚

104𝑚𝑚
= 0.01048 = 10480 × 10−6 = 10480𝜇       (6.37) 

where ε is the compressive strain, Δy is the change in length, y0 is the length of the rod set 

up in the ring before deforming, and μ is the resolution of strain measurement. 

As for the steel generally used in construction in the yielding state, the yielding point 

strain would be around 1000με[1]. There would be no response of the sensor set up on the 

steel structure to visualize the principal strain, even though the steel is yielded. Therefore, 

in order to visualize the principal strain in practice, the sensor should be improved to be 

able to react under much smaller deformation.  

There are several approaches to improve the sensitivity of the sensor, such as lighter 

weight of extendable rod, elimination of the rotational friction of pulley, stronger spring 

and so on. The most practicable is to reduce the weight of rod as light as possible and to 

use the pulleys with a larger diameter. As a result, the deviation of rod can be reduced at 

the same time. Since the deviation of the rod can be estimated in advance, it is possible 

to modify the visualized result by compensating the inherent error of the sensor so that 

the accuracy of visualization of principal strain can be improved.  

6.7.2  A simply supported beam experiment 

A simply supported beam experiment is to be conducted to verify the feasibility of the 

sensor. The material of beam is PVC, same as the ring used as the model. The tests in 

section 6.6 have shown that the radius of rail track in the ring has not obvious effect on 

the sensitivity of the sensor. So in the new experiment, the radius of rail track is designed 

as 2.0mm, a medium value. The sensitivity of the sensor Ⅱ (R=2.0mm) is about 1.09mm 

in compression. One aim of the improvement of sensor is to increase the sensitivity to 

less than 0.5mm in compression. By using the improved sensor, the loading experiment 

is designed as shown in Fig. 6.34. Four cylindrical holes, whose sizes are same as the 

sample ring, are drilled directly on the side of the PVC beam. The extendable rods are set 

up inside the four holes in advance. The performance of the sensors in terms of different 

inclination angle of rods are to be observed as different loads are applied to the center of 

the beam. 
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Figure 6.34 Experimental setup 

6.7.3  Investigation of the size of circular ring 

An assumption is made in this chapter that the circular ring is deformed to be elliptical 

under the condition of homogeneous deformation. It is not always the homogeneous 

deformation in a real loaded structure. As is known that the area of the heterogeneous 

deformation can be subdivided into several domains where are homogeneous. Therefore, 

it is of importance to determine the size of the domain and the circle. Furthermore, it is 

necessary to verify the feasibility of sensor in the other case that the circle is deformed to 

be similar to an ellipse.  

6.7.4  Upgraded sensor for visualization of principal strain in 3D 

The sample of sensor is possible to visualize the direction of principal strain in plane 

automatically. The aim of next research is to make a sensor capable of visualizing the 

principal strain including the scale and direction. Finally, a terminal sensor is pursued to 

visualize the principal strain in 3-demensions. An image of the sensor can be drawn that 

the extendable rod works inside a perfect sphere which can be set up in a structure. 
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6.8 Conclusions 

A simple sensor is proposed to visualize the direction of principal strain in plane 

automatically. The mechanism of the sensor is clarified mainly on the assumption that the 

circle is deformed to be elliptical under the condition of homogeneous deformation. 

Directions of principal strains coincide with those of the longest and shortest axes of the 

ellipse. The feature of the sensor lies in that it measures the deformation not based on two 

discrete points of the object but the deformation in a circular domain. The main factors 

affecting the sensitivity and accuracy of the visualization are discussed. It is found the 

accuracy of visualization of the direction of principal strain is dependent on the effect of 

the weight of rod. The reduction of the weight of rod is a most possible approach to 

improve the sensitivity and accuracy of the sensor. The uniaxial compression tests were 

conducted to verify the possibility of the sensor for visualization of direction of principal 

strain. The sensitivity of the sensor was investigated experimentally as well. It shows that 

the sensor can work effectively to visualize the direction of principal strain as expected. 

Finally, the future work is introduced briefly to improve the sensor so that it can be more 

effective in practical use. 
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CHAPTER 7: CONCLUSIONS AND FUTURE TASKS 

7.1 Conclusions 

This thesis introduces four simple mechanical methods for monitoring of deformations in 

structures based on the concept of On-Site Visualization. It focus on two essential aspects 

of monitoring, including sensing the deformation and visualization of the measured 

results. Both the load-induced deformation and thermal deformation are dealt with in the 

research. These methods are presented in the order of capacity of magnitude of the 

minimum visualized displacements. There is another clue in the arrangement of the thesis. 

The deformations are described by these methods in the form of relative displacement 

between two points, the total displacement along a length and a regional change in shape.  

A notable feature is that the methods are able to work without consuming electric energy. 

Since the deformations are detected firstly by mechanical structures, which makes the 

monitoring reliable even in a harsh environment during construction. On the other hand, 

because the structure is simple and the common materials are used in these method, the 

cost can be reduced greatly compared with those utilizing electronic components. The 

measured results are visualized in the form of movement of indicator or changed images. 

Generally, the accuracy of the mechanical methods is determined mainly by the function 

of sensing. The precision of the monitoring by these methods are affected by the 

resolution of the reference scales for visualization, the condition of environment, the 

observers’ experiences and so on. 

Most important of all, the mechanical methods enable the workers and engineers on site 

to “see” the safety state of structures directly during constructions, by which the potential 

danger can be identified in an early stage. In addition, since the methods cost at a 

relatively low level, which makes it possible to monitor more objects within a limited 

budget. The methods based on OSV are expected to improve the safety management 

during construction and in-service period. 

The contents and conclusions in each chapter are summarized as follows: 

Chapter 1 describes the background and objectives of this research. A brief history of 

research of On-Site Visualization is introduced. The related devices for measurement of 

deformations are reviewed. 
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In Chapter 2, the basic types of deformation of structures under the condition of loadings 

are analyzed to give a simple relationship between the deformation and displacement. The 

concept of strain ellipse is derived on condition of homogeneous deformation. The 

primary mechanical structures used to measure the displacement are also investigated, 

some of which are incorporated in this research. 

In Chapter 3, a mechanical method is proposed to visualize the relative displacement 

between two discrete points on the surface of structure. A pulley is used to transform the 

linear displacement to the movement of rotation through the thread connecting the two 

measured points. The material of the thread needs to be stiff in tension and flexible in 

bending. A triangular flag attached on one side of the pulley can have the same rotation 

as the pulley so that the displacement can be read out directly from a reference plastic 

board. The diameter of the pulley determines the sensitivity of the measurement with 

respect to displacement. The mechanism of this method is described and the main 

influence factors of error are also analyzed based on results of the laboratory test. The 

field experiments were carried out in a NATM construction project to verify the feasibility 

of this method. It is shown that the sensors incorporating this method were able to 

visualize the deformations during construction at an acceptable accuracy. Therefore, the 

safety management of construction is possible to be improved by using this method. 

Chapter 4 introduces an optical method to visualize the small displacement with a 

resolution of about 0.02mm. The optical level is utilized to magnify small displacement. 

Firstly, the small linear displacement is transformed to the rotational angle by a pulley or 

pinion-rack system. So an accurate relationship between displacement and angle can be 

established. Then, the angle is visualized and estimated by the shift of image reflected 

from a rectangular mirror. As a result, the deformation can be visualized by the image 

reflected from a mirror. Despite the fact that the deformation is deduced from the image 

seen by naked eyes, a displacement of as small as 0.1mm is able to be observed by this 

method. The factors influencing the accuracy and precision of visualization are discussed. 

The optical method has the potential to apply to the long term monitoring of the 

deformation of the infrastructures outdoors.  

In Chapter 5, the feature of thermal deformation is analyzed comparing with the load-

induced deformation. In view of the condition of a beam with both ends fixed, an indirect 

method is introduced to visualize the thermal deformation so that the corresponding 

thermal stress can be estimated accordingly. Two same beam are overlapped in the same 

environment. One is fixed at both ends. The other is set up on top of the first one, with 
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one end fixed with first beam and another end free. The thermal deformation (difference 

of the length of two beams) is visualized by a thin bar which is sandwiched between the 

two beams. That is, the deformation is transformed to the rotation of the bar and its value 

can be read from the reference board. Since the bar is very thin with a diameter of 1mm, 

a thermal elongation can be visualized with an accuracy of 0.05mm. The proper friction 

between the beam and the bar is required to assure there is no slide but the rotation of bar. 

The laboratory experiment indicates the feasibility to monitor the thermal deformation. 

The bar-beam sandwiched system also applies to monitor the small deformation in 

structures, such as the crack. 

In Chapter 6, different from the conventional measurement of displacement between two 

discrete points, a simple sensor is proposed to monitor the regional deformation so that 

the direction of principal strain in-plane can be visualized automatically. The mechanism 

of the sensor is described on the assumption that a circle in structure is always deformed 

to be an ellipse under the condition of homogeneous deformation. Directions of principal 

strains coincide with those of the longest and shortest axes of the ellipse. The ring, which 

performs as the initial standard circle, has the rail track in the inner surface so that an 

extendable rod is able to rotate inside the ring along the rail. During deformation the 

extendable rod would be mobilized to rotate due to the unbalanced moment and stop at 

the positon of the major axis of the ellipse where the equilibrium can be regained. 

Therefore, the direction of one of the principal strains during deformation can be 

visualized by the status of the rod. The main factors affecting the accuracy and sensitivity 

of visualization are analyzed. It is found that the reduction of the weight of rod is a very 

effective approach to improve the sensitivity and accuracy of the sensor. The feasibility 

of this method to visualize the direction of principal strain is verified by the fundamental 

experiments. Finally, the future work in the second stage of the research is presented.  

7.2 Future Tasks 

7.2.1  Improvement of the mechanical sensors 

The research work is an important part of the 3rd phase of the development of On-Site 

Visualization. It aims to provide the construction with cost-effective sensors to monitor 

different kinds of deformation in real-time, so that the safety management can be 

improved. Firstly, the methods presented in the thesis are mostly the proof-of-concept. 

The field experiments are to be continued to determine proper materials and sizes of the 

sensors which incorporate the ideas of this thesis. Secondly, because the reference scale 

or color board has much effect on the precision of visualization, it is necessary to 
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investigate the allowable deformation in different structures so that the color schemes can 

be correctly established. Finally, the deformation is visualized ignoring the time effect. 

Sometimes, the rate of deformation is also another parameter to take into account when 

evaluating the state of deformation in structures. It is a great challenge to add such the 

function in the sensor that not only the magnitude of the deformation but the rate of 

deformation can be visualized. 

7.2.2  Determination system for OSV application 

The OSV devices have been applied in the construction field to monitoring the 

deformation, inclination, stress of structures and so on. It is proved that the application of 

OSV can improve the safety management during construction. The concept and effect of 

OSV have been accepted by the users. In order to evaluate the OSV performance in the 

construction, Izumi C. suggested an average score system for performance analysis, in 

terms of index of functionality, visibility and the number of monitored points. There is 

still a need of an evaluation algorithm to determine the use of OSV devices for monitoring 

in the planning stage, including what to monitor and how many to monitor. The basic 

principle when constructing the simulation model lies in that the less cost of OSV 

monitoring should introduce the maximum achievement in the management of the 

construction.  

7.2.3  Training program incorporating OSV 

The performance of OSV in the construction can be efficient only if all the engineers and 

workers are involved in the monitoring. The development of technologies, application, 

and usage are dispensable for safety management. The absence of people in the 

monitoring, especially the engineers and workers, is not permitted. The training programs 

should be made to enable the workers and engineers onsite to make use of the OSV 

devices. It is believed that the application of OSV would play a more and more important 

role in the safety management of constructions in future.  
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