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Structural health monitoring is being used in different engineering applications due to 

the economic benefits and the safety assurance that it may bring. It is crucial to the 

assessment of damages in structures by the use of any sensing elements. Since the method 

solely lies on detecting damage, various damage detection techniques are used, with each 

technique varying with the application. In recent years, composite materials have had an 

increased growth as an alternative to current materials like metallic alloys. This is due to 

their very high strength and stiffness as well as low weight and easy shaping. Moreover, 

carbon fibers also display linear piezoresistive properties, permitting their use as strain 

sensors similar to standard strain gauges. This allows them to be used as a sensor for 

various applications such as damage detection, stress analysis and monitoring of 

manufacturing processes and quality.  

In this research, damage detection application of carbon fiber as a sensor is studied. 

The focus of this research is on structural health monitoring of composite structures using 

carbon fiber sensors. A multi-physics computational model is developed for simulation of 

effect of damage against composite structures. Carbon fiber sensors are developed to 
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perform reliable strain measurements. Both experimental and computational studies are 

carried out in order to understand the piezoresistivity of the carbon fiber sensors. A 

parametric study is conducted using experiments to find the effect of different parameters 

on the output of the carbon and to find an optimum set of parameters for the sensor. It was 

found that 3K carbon fibers had the largest change in resistance in low strain levels. 

Moreover, of the three different lengths used, the shortest lengths of carbon fibers were 

found to have relatively greater change in resistance. It was also found that changing the 

epoxy mixture ratio had no effect on the tensile behavior of the sensor. An impact test is 

conducted to evaluate the performance of carbon fibers when embedded in a composite 

plate subjected to low velocity impact. Five different impact energies were used to impact 

the composite plate and the sensor could follow the curve of deflection of the plate. The 

results show that carbon fiber sensor’s output can successfully follow the deflection of the 

plate. 10 J of impact energy could damage the composite plates and was detected by the 

sensor. The value of the sensor at the damage can be set as a safety factor limit for damage 

detection. This study will allow researchers to predict the behavior of the carbon fiber 

sensor in real life and it will serve as a basis for designing a carbon fiber to be used in 

different applications as a sensor. 
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ABSTRACT (ARABIC) 

 الرسالة  ملخص

 محمد عبد الله صديقي:  الاسم

 الكربونية الألياف ذات الحساسات بإستخدام المركبة للمواد الهيكلية السلامة مراقبة :الرسالة عنوان

  الميكانيكية الهندسة:  التخصص

 م( 2016)ديسمبر  -هـ  1438تأريخ التخرج:      

الهندسية المختلفة بسبب الفوائد الاقتصادية وضمان السلامة التي تستخدم المراقبة الصحية الهيكلية في التطبيقات 

قد تجلبها. ومن الأهمية بمكان تقييم الأضرار في الهياكل باستخدام أي عناصر استشعار. وبما أن الأسلوب يكمن فقط 

المركبة نموا . وفي السنوات الأخيرة، شهدت المواد لكشف عن الضررمختلفة لفي الكشف عن الضرر، تستخدم تقنيات 

متزايدا كبديل للمواد الحالية مثل السبائك المعدنية. ويرجع ذلك إلى قوة عالية جدا وصلابة وكذلك انخفاض الوزن 

خطية، مما يسمح باستخدامها  مقاومة كهربائيةألياف الكربون خصائص لدى تشكيل. وعلاوة على ذلك، اللة ووسه

استخدامها كمستشعر لمختلف التطبيقات مثل كشف بس القياسية. وهذا يسمح قيالأجهزة المماثلة  لتكونأجهزة استشعار ك

 الضرر، وتحليل الإجهاد ورصد عمليات التصنيع والجودة.

 بإستخدام تتم العملية وهذه مركبة، مواد من المكونة الهياكل سلامة مراقبة عملية دراسة إلي البحث هذا يهدف

 المصنوعة الهياكل في الناتجة الأضرار لحساب تحسيبي محاكاة برنامج رتطوي تم. الكربون ألياف من مكونة حساسات

 الدراسات بعض وإجراء التجارب بعض تطبيق تم. الكربون الياف حساسات تصنيع و تطوير تم. المركبة المواد من

 الخاصة اتالمتغير لفهم تجريبية دراسة إجراء تم. للحساسات الكهروميكانيكية المقاومة خاصية لفهم التحسيبيبة

 دراسة إجراء تم. الهياكل سلامة مراقبة عملية في إستخدامها يجب التي للمتغيرات المثلي القيم إيجاد بغرض بالحساسات

 مركبة، مواد من مستطيلة الواح داخل علي الحساسات وضع يتم عندما الصدم أحمال من الناتج الضرر لفهم تجريبية

 الدراسة هذه. الصدم أحمال من الناتج والتشوه الإنفعال عن الكشف علي قادرة اساتالحس أن الدراسة هذه نتائج أثبتت وقد

 المستقبل في الحساسات مثل لتصميم الأساس تمثل وكذلك الكربون، الياف حساسات سلوك توقع من الباحثين ستمكن

.الأغراض مختلف في وإستخدامها
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CHAPTER 1                                                      

INTRODUCTION 

Composite materials have several advantages over traditional materials that are 

commonly used in industry such as steel or aluminum. High strength to weight ratio, 

fatigue resistance and thermal conductivity are some of the favorable properties of 

composite materials. These advantages explain why different leading industry sectors are 

investing in composites in various applications such as pipes, aircrafts, tools, construction 

material, etc.  

However, despite these advantages, composite materials are far from perfect. They 

suffer from major setbacks when it comes to specific types of damages. These composite 

materials are easily susceptible to damages that can cause variety of problems such as 

breakage of fiber matrix, cracking and delamination. Therefore, continued research is 

devoted to monitor these damages and detect them before they propagate further and cause 

unrepairable damage. A great part of the research is aimed at investigating the applicability 

of the sensors that are used in the industry to monitor damages. Strain gages, fiber optic 

sensors, piezoelectric sensors and microelectromechanical systems(MEMS) are among 



 

2 

 

these sensors. The carbon fiber sensor (CFS), which has been recently attracting research 

interest, shows good promise in structural health monitoring. This sensor is made from 

carbon fiber material and uses its piezoresistive property to sense changes of strains in a 

structure which are caused by damages. Carbon fiber based materials possess excellent 

mechanical properties and show linear piezoresistive behavior which make them good 

candidate material for strain measurements. The sensor also offers some other advantages 

that are of interest such as material conformity and linear piezoresistivity.  

Furthermore, limited research has been conducted on the sensing ability in CFs which 

shows the need for further research to understand and improve the performance of the CF 

sensor. This study will focus on understanding the behavior of carbon fiber sensor and 

investigating its mechanical and piezoresistive features. Performance of carbon fibers will 

be tested under different load conditions, hence, to gain better understanding towards the 

development of a reliable sensor that can be used to monitor damages in composite 

structures. 

1.1 Composite materials 

A composite material is a combination of two or more distinct materials at macroscopic 

level. Composite materials possess new properties that cannot be achieved by those of 

individual materials. Composite materials are different from alloys in that, each material 

keeps its own physical, chemical and mechanical properties whereas in alloys, the metals 

change physically into a new material with enhanced properties. Furthermore, metal is an 
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essential part of the alloy which is either combined with other metals or with non-metals 

while composites allow both materials to be non-metals. 

Composite materials were one of the first technological advances by humans used 

thousands of years ago. Early examples include straw reinforced mud bricks, animal glue 

laminated wood by Egyptians and laminated metals to forge swords. Some recent examples 

include glass fibers reinforced polymers, metal composites, ceramic composites and 

concrete [1]. 

Composites have several advantages over traditional materials. For instance, 

composites are generally light weight when compared to metals. This property is greatly 

desired in applications where low weight is greatly needed, like in automobiles, aircrafts 

and some sports equipment. In such applications, low weight means less fuel consumption  

and lower CO2 emission [2].  

Composite materials such as carbon fiber reinforced polymers (CFRP) and Glass fiber 

reinforced polymers (GFRP) are used in pipes. They are chemically inert, and therefore, 

corrosion-free and they do not conduct static charges which metallic pipes are prone to. 

This is very important in pipes containing oil and other flammable liquids. Static charges 

in presence of high temperatures and flammable liquids or oxygen can lead to accidents 

such as fires or even explosions. 
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1.2 Damages in composite materials 

Despite the advantages of composite materials, there are some problems that reduce 

their use for commercial applications. As multiphase materials, they exhibit anisotropic 

properties which means that their properties are directionally dependent.  Therefore, 

additional parameters are needed to describe their behavior. This makes the structural 

analysis computationally and experimentally more complex and intensive.  

A significant problem of composites is that they are easily prone to damage and are 

vulnerable to several types of damages that do not occur in metals. These include matrix 

cracking, fiber breakage, fiber-matrix and delamination between plies of layers of 

composites [3]. Delamination is when the plies in laminated composites get debonded. This 

is mainly caused by crack in matrix materials, imperfect bonding, and separation of 

adjoining plies and broken fibers Some of the defects may originate during manufacturing 

process while the in-service loading such as foreign body impact or fatigue may also induce 

others. 
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Figure 1-1 Delamination ©Kolossos. 

 

Figure 1-2 Micro crack [4]. 

Furthermore, a major problem in composite materials is their susceptibility to impact 

damage. This is due to lack of reinforcement in the direction perpendicular to the plane of 

the composites. When a structure is impacted by a high-energy impact, a small penetration 
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on the composite is observed. However, when energy level of the impact is low or medium, 

the matrix of the composite cracks and this will induce delamination.  

In view of the damages that can occur in composite materials, structures made with 

composites are constantly inspected for damage such as oil pipes for leakages. However, 

not all structures can be inspected fully because firstly, there are structures which are 

simply too large to inspect completely, for example, an aircraft or a long pipeline. 

Secondly, there are places on a structure that are hard to reach for inspection like top of a 

tall tower or locations that would require structure to be disassembled.  

During the lifecycle of a structure, damages due to impact of foreign objects is 

common. For instance, Mechanical damage can occur during handling, installation and 

service of the composite pipes. Due to the laminate structure of composite materials, their 

behavior to impacts is different to the metallic structures. The modes of damage in 

composite structures due to impact can be categorized as matrix cracking, fiber breakage 

and/or delamination [5]. 

Generally low velocity impact, which are of low to medium energies and the range 

depends on the material and its dimensions,  cause a global structural response, and often 

results in internal cracking and delamination, while at higher energy levels can cause 

penetration and excessive local shear damage [6]. 

The impact damage can be caused by several reasons such as dropped tool, damage due 

to mishandling and in-service impacts. Composite materials are prone to low energy 
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impacts that can be observed with the effect of delamination in the plies and can be 

indirectly responsible for the failure. Delamination reduces elastic moduli, strength, 

durability and damage tolerance [5]. Low velocity impacts can also cause matrix cracking 

which may not be visible on the surface of impact but on the internal or bottom surface, 

due to the flexibility of the laminate. Matrix cracking occurs in a plane perpendicular 

direction to the laminate and is referred to as a tensile crack. In thicker laminates, matrix 

cracking is near the top surface and characterized as the shear crack. To ensure reliability, 

good impact properties against low and intermediate velocity impacts are essential. 

Moreover, the micro failure modes commonly observed in composite laminates are 

fiber breakage, fiber micro buckling and matrix crushing, transverse matrix cracking, 

transverse matrix crushing, debonding at the fiber-matrix interface and delamination. 

1.3 Structural Health Monitoring 

To eliminate the failure modes due to loading conditions, there is a need for a reliable 

method for inspection in composite structures. Monitoring systems is important for early 

damage detection in critical structures such as aircraft, where damage can easily propagate 

and cause catastrophic failure. In pipes, for example, damage due to cracks can cause 

leakages resulting in loss of precious oil and chemical liquids. Conventional non-

destructive testing (NDT) methods like thermography, X-rays, ultrasonic, and eddy current 

methods can be used for damage detection in composite structures [7]. The downside of 

these NDT methods is that they are labor-extensive and time consuming especially if the 
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structure is very large. They also require heavy and complicated equipment. Meanwhile, 

some structures need to be disassembled so the inspection area becomes accessible, which 

leads to increase in maintenance costs.  

Among the techniques used in NDT, the most common one is the ultrasonic inspection 

[8]. A two-dimensional map of the structure is produced using the reflected waves. Defects 

occur in composite structures, such as disbondings and delaminations can very easily 

detected. However ultrasonic inspection has some limitations; surface on which damage is 

inflicted must be accessible so the probe can be placed there. Some of the common 

inaccessible locations are high altitude structures, very close network of pipes resulting in 

hard to reach places and structures that are buried in the ground. Another disadvantage is 

that ultrasonic method requires a skilled and trained operator for interpretation of the 

results. Additionally, the method cannot detect flaws that are oriented parallel to the wave 

propagation. 

Structural health monitoring (SHM)  is defined as, “The process of implementing a 

damage identification strategy for aerospace, civil and mechanical engineering 

infrastructure is referred to as structural health monitoring  [7].” The main feature of SHM 

over NDT is that SHM provides an online and real time damage detection that can be 

performed via in-situ sensors. The potential benefits of SHM include reducing lifecycle 

costs, improving reliability and safety and helping design of composite materials. Some of 

the SHM methods are acoustic emission, lamb waves, active vibration-based methods and 

strain-based method [9]. Some novel methods are embedding a network of sensors between 
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the layers of composite material so that diagnosis can be done automatically [10]. Despite 

the potential advantages of this method, it is very costly and time consuming as the sensors 

must be embedded during the manufacturing phase of the composite material.  

Strain gages are also one of the most common sensors used in SHM. Information from 

strain can be used to detect the static and dynamic deformation the structure and assist in 

evaluation of the amount of damage [11, 12]. 

Piezoelectric sensors are frequently used for measuring low or high frequency 

vibrations, such as Lamb waves or acoustic emission [13]. Compared with conventional 

acoustic probes, e.g., wedge or comb Lamb wave transducers, piezoelectric sensors are 

more desired for SHM in view of their weights, sizes and costs. With direct piezoelectric 

effect, which is when strains applied can induce voltage, the sensors in a stress field can 

generate charge response and vice versa, an external electric field applied to the sensors 

can result in an induced strain field through inverse piezoelectric effect. Consequently, 

piezoelectric sensors can be employed both as actuators and sensors [14]. 

Microelectromechanical systems (MEMS) are devices that have both mechanical and 

electrical components and are used in a variety of ways. They can be used both as a sensor 

or actuator. As an emerging technology, they are increasingly being used in numerous 

applications such as in micro-pumps, micro-mirror controllers, filters, resonators and 

accelerometers [15]. Since silicon is piezoresistive, its resistance changes with applied 

strains. This property makes it useful in application where there is a change in strains or 
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bending. It is commonly used in microelectromechanical systems (MEMS) in applications 

such as accelerators, pressure sensors and other applications.  

 Among the structures used in the schematic of MEMS devices, microbeams are the 

most common. Several micrometers in size, they are very effective and therefore they have 

applications in MEMS industry. Microbeams are used in micro-switches as switching 

elements, microscope probes and as band-pass filters. Two frequently occurring types of 

microbeams are cantilever or double-clamped microbeams. While cantilever is fixed in one 

end, double-clamped microbeam is fixed in both ends. Microcantilever beams are preferred 

due to their fast response time, easy fabrication, compact size and high sensitivity. 

 Present microcantilever sensors are fabricated with piezoresistor on top of the 

microcantilever. The piezoresistor are usually made from doped single-crystalline silicon 

or a polysilicon and the microcantilever from silicon dioxide or silicon nitride. This design 

results in microcantilever having good piezoresistivity and high sensitivity. On the other 

hand, this requires additional steps in fabrication process and additional cost and 

manufacturing time will be incurred [16]. 
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1.4 Research Objectives of Current Work 

The objectives of the thesis study are listed below. 

 Examine the use of carbon-fiber as sensor for structural health monitoring of 

fiber reinforced polymeric composite structures subject to several types of loads 

such as the low velocity impact loads. 

 To develop a multi-physics computational model to simulate behavior of the 

developed carbon fiber sensor under static uniaxial loading.  

 To design and optimize of the carbon-fiber sensing device configuration for low 

velocity impact loads. 

 Characterization and performance evaluation of the designed carbon fiber 

sensor will be performed. 
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1.5 Organization of the Thesis 

In this section, the organization of the thesis and the methodology that will be followed 

to achieve the thesis objectives are discussed. In chapter 2, the literature review is 

presented. Recent work on structural health monitoring and the sensors used for the 

monitoring are discussed. Focus is on recent research on carbon fiber sensors. 

Chapter 3 is dedicated to experimental study in which the preparation of carbon fiber 

sensor as well as experimental setup is discussed. The equipment used and the samples 

prepared are detailed.  

In chapter 4, the numerical modeling performed in the research is introduced. Modeling 

of silicon piezoresistive sensors is discussed followed by results and discussion. 

Computational model of the carbon fiber sensor is discussed next. A computational model 

of an application of the carbon fiber in a beam is also presented.  

Chapter 5 focuses on the results and discussion of the thesis. Both experimental and 

numerical results are presented. In the experimental part, the tensile test results are 

presented where a parametric study is done. This is followed by discussion on impact test 

results. The results of numerical model are discussed next where a parametric study is 

performed on a carbon fiber sensor and it’s piezoresistive coefficients are obtained. The 

results of the application of the carbon fiber sensor are discussed. 
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Finally, the major conclusions from this study with some recommendations for future 

directions are presented in chapter 6. 

The main goal is to develop a carbon fiber sensor that can detect strain and test its 

performance using tensile tests and impact loads. The proposed work includes both 

numerical and experimental tasks essential to design and characterize the carbon fiber 

sensor. A numerical model will be developed to investigate the effect of various parameters 

such as size, location and material properties. The advantage of numerical model is that 

these parameters can be found without performing many experiments thus saving valuable 

time. To validate the numerical model, experiments are performed on carbon fibers to 

examine their performance in real time. The experiments will allow us to assess the 

accuracy of the carbon fiber in detecting damages caused by various loads. Necessary pre-

treatment, preparation and installation techniques are studied to make them useful for the 

industry. 

The following points will be used in the methodology: 

 To develop a carbon fiber into a sensor that is capable of detecting strains based on 

the study of methods used in literature and to list the proper procedures used in 

developing this sensor. This will help future researchers conducting study in this 

sensor as a reference to develop this sensor. 

 To develop a numerical model to study the behavior of carbon fiber sensor and 

perform a parametric study to understand the effect of various parameters like 
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length, diameter and treatment. This will give us the ability to test it without 

performing many repetitive experiments.  

 Design and setup of an experiment for using carbon fiber sensor. The experimental 

setup should allow us to find out whether the sensor is capable of detecting damage. 

The experiments would give us information such as the output range of carbon fiber 

and the breaking point of the sensor, etc.  

 Test the capability of carbon fibers to detect impact loadings. Low velocity impact 

causes significant damage to structures. The indication of these damages might be 

visible on the surface but the severity of the damage is barely visible. The purpose 

of this study is to investigate the capability of CF sensor to monitor the response of 

the structure due to these disturbances. The sensor will be embedded on surfaces of 

composite plates which will be used for impact damage. The experiment will help 

in determining the factors that affect the performance of the sensor in detecting 

impact damage.
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CHAPTER 2                                                           

LITERATURE REVIEW 

This thesis research is concerned with strain measurements in composite materials 

using carbon fibers. It is, therefore, essential to shed light on the current structural health 

monitoring techniques with special focus on those used in composite materials. Then, the 

relevant reported studies on carbon fibers and their properties are presented and discussed. 

2.1  Related work on structural health monitoring  

 There have been several studies on SHM using various sensors. The studies include 

experimental, numerical and analytical which discuss damage detection using the sensors 

and how various techniques can be used to use more than one sensor for finding the location 

for the damage. In situ sensing systems placed in or around a structure can provide real-

time evaluation of its performance. The use of SHM were commonly used in civil 

engineering applications, such as in roads, bridges, and dams, but now is finding 

applications in other engineering environments, such as naval, pipeline and aerospace 

engineering [17]. 
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Fiber optic sensors (FOS) are competitive candidates for SHM applications because of 

their unique advantages of light weight, long life cycle, low power utilization, 

EMI(electromagnetic inductance) immunity, compatibility with optical data transmission 

and processing [18]. According to the sensing range, FOSs can be categorized into local 

and distributed sensors. The most-commonly used local FOSs are interferometric sensors, 

such as Mach-Zehnder, Michelson and Fabry-Perot FOSs. These sensors can measure 

strains and deformations at local sites by detecting the phase shifts of relative optical waves 

[19].  

Fiber optics has received intensive attention during the past decade due to advantages 

such as immunity to electromagnetic interference, high resolution, long distance sensing 

and sensor networking [20].Advancement in micro-technology has led to development of 

novel micro-structured fiber optic sensors which have shown promise in terms of faster 

response, smaller size and higher sensitivity [21]. Some applications of these new sensors 

are in strain pressure measurements [22]. However, these sensors still face some challenges 

such as high installation costs, expensive and bulky test equipment for testing and high 

susceptibility to physical damage [23]. 

Moreover, several studies focus on investigating the SHM processes by combining 

numerical and experimental studies in the analysis. Moselhi et al. discussed the 

applicability of FEM software in SHM [24]. Data from a case study were used to update 

the developed finite element and evaluate how damages on a structural element can be 

detected. 
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Lead zirconium titanate ceramics (PZT) wafers and polyvinylidene fluoride (PVDF) 

films are the two common piezoelectric elements. A PZT sensor is shown in Figure 2-1. 

 

Figure 2-1 Piezoelectric sensor © Yakut. 

 PZT wafers with high piezoelectric constant possess both excellent sensitivities as 

sensors and strong driving abilities as actuators, whereas the wafers are quite brittle due to 

ceramic inherent nature. In contrast, PVDF films have the advantages of high flexibility, 

low mass and cost and high internal damping. However, because of the poor inverse 

piezoelectric properties and large compliance, PVDF films are usually preferred to be 

sensors. To overcome the disadvantage of high brittleness of PZT wafers, piezoelectric 

composites, such as piezoelectric rubbers and piezoelectric paints, have been developed 

[25].  

Strain gages are also used in SHM because they can sense strains and vibration-based 

damages. Strain information can be used to detect how much deformation the structure 

went or is going through which can be used to find the amount of damage [11]. Several 

parameters such as temperature, carrier material and gage length affect the sensing ability 
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of the strain gages were discussed and it was found that the dimensions of the strain gages 

play an important part in their application [26]. 

The advantages of these types of gauges are that they are simple to install, low cost and 

have proved to be successful though years of use in industry. However, metal foils also 

have a very limited strain range, and because these gages are adhered to the surface they 

are susceptible to damage. Furthermore, more wires must be routed across or through the 

structure to carry the required signal to the monitoring unit [12]. 

2.2  Carbon Fiber Sensors 

Piezoresistive materials attract the attention of researchers to investigate their 

capability to act as strain sensors. Intensive research was conducted on a variety of 

materials in different applications. A comprehensive review of recent development on 

smart fabric sensors can be found in [27]. The potential of using newly developed smart 

materials in damage detection is obvious. Carbon fiber based materials possess excellent 

mechanical properties and show linear piezoresistive behavior which make them good 

candidate material for strain measurements.  

One of the early research studies to shed light on the piezoresistivity of carbon fibers 

was performed by Wang and Chung [28]. It was observed that electrical resistance of 

carbon fiber epoxy matrix composite changed with applied strain. Wang and Chung, 

investigated the piezoresistive behavior of short carbon fibers and epoxy resin composite, 

and showed that resin with short fibers have better response than that with long fibers [29]. 



 

19 

 

Wang et al., illustrated that the piezoresistive behavior of carbon fibers and other 

similar graphite fibers can be utilized in sensing [30]. The piezoresistive behavior of carbon 

fibers is tested under different conditions: single bare fiber, in polymer composite and in 

cement composites. It was shown that bare carbon fiber is not piezoresistive while 

embedding short fibers in cement would give maximum gauge factor. 

S. Blazewicz et al. studied the piezoresistivity of single carbon fiber and graphite fibers 

that have different microstructure parameters and heat treatment [31]. The study showed 

that piezoresistivity of carbon fibers is highly dependent on the crystallite sizes and 

treatment method which might lead to positive or negative piezoresistivity. The 

relationship between gauge factor and strain levels to structural parameters are presented. 

In the work of Huang and Yang, the electrical sensing properties of carbon fiber 

reinforced plastic(CFRP) strips under tension were studied [32]. The study observed that 

microfibers are not completely straight or arranged in parallel, and the fibers are connected 

in transverse direction as shown in Figure 2-2. Under the application of tension load, the 

fibers are more concentrated in the transverse direction than when they are stress free. thus, 

there is induced non-linearity when some fibers are not aligned properly or break 

individually. The CFRP strips were only tested in low level strains, up to 1000 µm/m, while 

the response in high level strains was not studied. 
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Figure 2-2 Equivalent circuit model for CFRPs in the tensile strain state [32]. 

Chung provides a comprehensive review on structure property relationships of 

continuous carbon fiber polymer-matrix composite [33]. Among the many properties 

listed, the effect of strain on the electrical resistivity is emphasized. Brief theory is 

presented and many experimental studies were cited and reviewed. 

 Todoroki and Yoshida discussed the monitoring of damages in CFRP composites by 

measuring several quantities, like potential change, electrical resistance change and eddy 

current [34].  The self-sensing capability of carbon fibers in the composite could provide 

precise measurement by observing the variation in its electrical resistance.  

However, there are some inherent problems in the resistance measurement of CFRP. 

For example, the variation of electrical resistance in CFRP composite is highly sensitive to 

several parameters. Measurements from different studies showed some contradictory 

results when measured using different probe configurations. Schulte and baron [35] and 

other researchers [36, 37, 38] have reported that, using two probe method, electrical 
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resistance of CFRP laminate in the fiber direction increase with applied tensile load in the 

fiber direction. . However Chung obtained completely contrary results [39]. They used four 

probe method to measure precise electric resistance change in the fiber direction during 

tensile loading. Their results showed negative piezoresistance (negative gage factor). The 

difference in the results is shown in Figure 2-3. 

 

Figure 2-3 Discrepancy between the two-probe method and the four-probe method [34]. 

  It was later found after further studies by the researchers that the carbon electrodes 

that were used for the electrical contact had low reliability and was the cause of the negative 

piezoresistivity [40]. In carbon paste, electrical contact is attained only at several discrete 

points with the carbon paste electrodes causing a complicated electrical current path in the 

specimen. When silver paste was used, positive piezoresistivity was obtained. Additional 

tests were performed by the authors themselves and they confirmed that poor electrical 

contact in four probe method was reason of negative piezoresistivity [41]. 

In their work, the authors investigate the sensing ability of commercially available 

carbon fibers [42]. Different configurations were tested to find the influence of relatively 



 

22 

 

high strain levels laminate micro-cracks on CF resistance. Micro-cracks were detected 

using carbon fibers which shows the potential to use them as a sensor for composite 

materials.  

In a subsequent study, they have characterized the piezoresistivity of carbon fiber used 

as sensor in two industrial applications: CT scanner and pressure vessels [43].  The carbon 

fiber sensor developed is depicted in Figure 2-4. 

 

Figure 2-4 Carbon fiber sensor [43]. 

For CT scanner application, the authors applied the carbon fiber sensor into a carbon 

fiber reinforced plastic(CFRP) table of a computer tomography (CT) scanner [44]. Unlike 

metallic materials, carbon fiber is a nonmetal and does not interfere with X-rays. The metal 

wiring cannot be present in the table because they will interfere with the X-rays; therefore, 

U-shaped carbon fiber sensors were used as can be seen in Figure 2-5. The slope of the 

beam was found using integral strain measurement method. 
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Figure 2-5 U shaped carbon fiber sensors [44]. 

 Further analytical and numerical analyses were performed by the authors in order to 

monitor crack density using carbon fiber sensor [45]. They also carried out experiments on 

Glass Fiber reinforced polymer specimens and pressure vessels. Analytical and numerical 

analyses were performed and good correlation was shown between crack density strain 

measured by carbon fiber sensor. 

Recently, Goldfeld et al. investigated the feasibility of intelligent textile-reinforced 

concrete embedded with carbon fibers to add strength and sense damage at the same time 

[46]. Cracks were detected and, it was shown that electrical readings can detect wetting of 

cracked elements which can be used to monitor leakages. 

Based on the integral strain measurement property of carbon fiber, Matzies et al. 

proposed to use a triaxial arrangement of the sensors, where a mesh is created that can 

measure two-dimensional strain field [47]. The authors presented the theoretical 

background of this phenomenon, performed numerical study and an experiment to validate 

their results. 
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A simple resistance based sensor was  proposed by Hou and Hayes who used two-probe 

approach to detect damage and its locations [48]. However, the experimental results 

showed that sensor was only able to measure area of approximately 1 mm making it only 

useable for precise damage location measurement. The sensor was able to detect damage 

from fiber fracture, but impact damage detection was more difficult. 

Yang et al. studied the behavior of carbon fiber reinforced plastics(CFRPs) that are 

reinforced with carbon fibers of different types of moduli [49]. Effect of temperature on 

the resistance was observed and it was concluded that CFRP can be used as a temperature 

sensor. However, changes in electrical resistance would be affected by applied strains but 

this effect was not considered. 

A study was presented by Huang and Wu, in which low level strains were measured 

using long carbon fibers [50].  Static and dynamic uniaxial tensions were applied to the 

steel specimen which has CF sensors embedded to it. Static and dynamic response 

measured using carbon fiber sensors were compared to those obtained from regular strain 

gauges.  

More recently, A long-gauge carbon fiber line sensor was introduced for structural 

health monitoring and was implemented by Saifeldeen et al, in conjunction with an 

auxiliary carbon fiber line sensor to compensate for errors in readings [51]. The lengths of 

the sensors were 50 cm. The authors show that this technique of using two sensors reduces 

error and shows good linearity under low strain levels. However, the effect of length of the 
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sensor was not studied. The study was based on experiments and no computational model 

was developed. Moreover, the study illustrates that post-tensioning of the sensor can 

significantly enhance the linearity and cyclic ability of the sensor. 

In the work of Todoroki et al. the large discrepancies in measured piezoresistivity even 

in simple tensile loading cases was discussed [41]. It was shown that the irregularities in 

the piezoresistivity readings are caused by fiber contacts in transverse direction which is 

depicted in Figure 2-6. The contacts between the fibers cannot be predicted and thus leads 

to difficulties in modeling the piezoresistivity analytically. However, they only performed 

tests in CFRP strips while the behaviour of carbon fiber tows was not studied. 

 

Figure 2-6 Fiber contact separation model to explain piezoresistivity in transverse direction[41]. 

Todoroki et al. extended their work to examine the anisotropy of piezoresistivity in 

unidirectional single-ply CFRP subject to multiaxial loading. The unsymmetrical 

piezoresistivity matrix is calculated using the measured piezoresistivity [52]. It was 

concluded that negative piezoresistivity was mainly caused by fiber misalignment and 

sparse electrical contact at electrodes. 
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Carbon fiber sensor can be used with different patch materials like Glass fiber 

reinforced plastic (GFRP) and Carbon fiber reinforced plastic (CFRP). Commercially 

available carbon fiber, Ex-PAN fiber T300B, have excellent linear piezoresistive behavior 

among other characteristics [43]. Micro crack detection using the CFS showed that CFSs 

have good applications in damage monitoring and lifetime prediction of damaged 

structures. They are excellent sensors in detecting delamination in multidirectional 

reinforced laminates and offer to unique features for fracture mechanics which are; 

detection of matrix cracks and measurement of strain levels. However, improvement still 

needs to be made in the effect of influence of temperature on the sensors’ performance. 



 

27 

CHAPTER 3                                                                 

EXPERIMENTAL STUDY 

As mentioned in the previous chapter, the literature review has shown the need for 

further research on carbon fiber sensors for structural health monitoring purposes. 

Moreover, recent papers have shown that carbon fibers sensors hold good promise in 

damage detection.  

The purpose of the experiment is to develop a sensor from carbon fibers and perform 

tensile tests to characterize the behavior of the sensor. Then, impact test is conducted on a 

composite plate in which carbon fiber sensors were embedded to monitor the damage. 

Furthermore, the results from experimental tests will be used to validate the developed 

numerical model for the sensor.  

This chapter is divided into sections that represent different parts in the experimental 

work; namely the preparation of the sensor, the tensile tests, and the impact test on 

composite plates with carbon fiber sensors 
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3.1 Preparation of Carbon Fiber Sensor 

The type of carbon fibers used in the current research were carbon fiber tow or rovings 

which were based on a commercially available Toray T300b. Toray is one of the leading 

manufacturer of carbon fiber composite materials. The choice of Toray T300b was based 

on its performance in literature [42, 43, 51, 53] Each roving contains a bundle of long 

strand of fibers. The name of the product indicates the number of filaments it has. So, the 

1K means that it has one thousand filaments in one strand and 3K has three thousand 

filaments in one strand. For the current work, carbon fiber tows with 1K, 3K, 6K and 12K 

filaments were used to conduct the experiments. 

Carbon fiber cannot be directly used as a sensor in its natural form because it is not 

piezoresistive in its natural form. The change in resistance observed is solely due to the 

change in dimensions (area and length). To induce piezoresistivity, the fibers have to go 

through a preparation process that will enhance its piezoresistivity [30]. This process 

includes the following phases: 

• Pre-curing  

- To stabilize carbon fiber 

- Connect electrical wires for measuring electrical signals 

• Curing 

- Impregnate by an epoxy resin 

- Curing process 180 °C for 90 minutes in a furnace 


































































































































































