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ABSTRACT 
 
 

Integrating self-sensing ability into structural materials has widespread 

applications which include temperature measurement of composite parts and repair 

patches with embedded wireless temperature sensors. The parasitic effects of the 

embedded sensors on the structural integrity need to be investigated. Interlaminar shear 

failure is one of the critical failure modes for laminated composites. The effect of 

embedding a cylindrical microwire temperature sensor on the interlaminar shear strength 

of laminates fabricated from an Out-of-Autoclave  material was investigated. The fact that 

an ‘eye-shaped’ resin rich region formed, when the sensors are placed orthogonal to the 

fiber direction, was taken into account. The sensor-laminate configurations included 

sensor placed at the mid-plane, one ply above mid-plane and two plies above mid-plane. 

Experiments were carried out using a three-point test setup. There was no significant 

strength reduction observed with the three configurations. Digital Image Correlation 

technique was used to measure through-thickness shear strains at various load levels. 

Two-dimensional plane stress finite element models were used to understand the 

mechanisms in the presence of embedded sensors. Progressive failure analysis was 

used to predict material failure. Experimentally generated surface strains  and numerically 

computed surface strains were compared for each configuration. It was observed that the 

experimental and the numerical strains only agreed up to the elastic limit of the material. 

Also, due to the stress concentrations induced in the vicinity of the embedded sensor, the 

shear stress state no longer agreed with the classical beam theory.  
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CHAPTER 1 

INTRODUCTION 

Composite structures are being widely used in the field of aerospace, civil 

infrastructure and construction due to their high specific stiffness, high specific strength, 

corrosion resistance and low coefficient of thermal expansion [1]. The main advantage of 

composites is that one can select the material based on the desired stiffness and strength 

to be engineered. A composite material typically consists of relatively strong, stiff fibers 

in a tough resin matrix [1, 2]. Better known man-made composite materials, used in the 

aerospace and other industries, are carbon- and glass-fiber-reinforced plastics (CFRP 

and GFRP respectively) [1, 2]. Another factor of prime importance in the aviation and 

aerospace industry, is the reduced weight that can be achieved by composite materials 

without compromising mechanical strength [3]. Also, composites can be formed into more 

complex shapes than metallic parts. This reduces the assembly time and costs 

associated with part integration. Component performance is greatly improved by reducing 

the need for fasteners and joints, which are sources of stress concentration regions and 

crack initiation [2, 3]. Additional improvements can be realized in corrosion resistance, 

wear resistance, appearance, temperature-dependent behavior, environmental stability, 

thermal insulation and conductivity, and acoustic insulation [1]. 

With the advancement of composite structures, a new concept of ‘smart 

structures’ have stimulated the aerospace, automobile and civil industries to research on 

their structural integrity and performance [16]. A suitable sensor device located within the 

structure or surface mounted will perform an assigned function in response to the external 

environmental changes [16]. In many applications, surface mounting is not feasible, and 
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embedding is the only realistic way to introduce a sensor to the host structure [14]. 

Embedding sensors gives a smooth surface finish when creating autonomous structures. 

Sensors within a structure are protected from adverse environmental conditions [14]. In 

fact, embedding sensors is much more preferred due its simplicity resulting from 

individual contribution and perfect symbioses between the composite and the sensor 

device [16]. Some of the types of sensors used in the past studies include 0805 chip 

resistors, polyvinylidene fluoride (PVDF) sensors, fiber optics sensors (FOS) and 

microwire sensors [14-29]. 

In order to integrate sensors into fiber-reinforced composites it is required that 

the device be placed between fiber layers while it is being fabricated. The presence of an 

embedded sensor in the material produces a defect in the structure which is one order 

higher in dimension than carbon fibers in composite laminates [14-29]. As a result, the 

sensor is surrounded by a polymer matrix, which is generally the weaker phase within the 

composite, forming an elastic inclusion within the material. Strength reduction at or near 

the inclusions could result in failure of the structure [14-29]. Therefore, it is necessary to 

characterize the effects of embedding sensors on the mechanical properties of the host 

structural composite material [14-29]. 

The temperature measurement of composite parts and repair patches can be 

achieved by embedding microwire temperature sensors which are approximately 250µm 

in diameter and 30mm long [23, 24]. These microwire (cylindrical) sensors are embedded 

between plies/layers/adhesive bondline of the composite repair and can provide 

temperature data during cure [23-29]. The microwire sensors provide useful information 

about the composite material, especially in a controlled cure process [23-29]. While the 
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use of microwire sensors over thermocouples to monitor cure temperatures sounds 

encouraging, their parasitic effects on the composite structures need to be investigated 

prior to implementing the system. One major concern is the perturbation of fibers locally 

giving rise to fiber waviness when the microwire sensor is embedded between plies [25-

29]. Figure 1 shows microwire sensor tubes embedded in unidirectional and fabric 

laminates with fiber waviness. 

 

 

 
Figure 1: Micrographs of unidirectional and fabric laminates with embedded microwire 

sensors tubes [25] 
 

Experimental and analytical work has been conducted to study the effects of 

embedded microwire sensors on tensile, compressive, interlaminar fracture toughness 

and mode-II interlaminar fracture behavior on laminated composites [25-29]. No study 

has yet been conducted to evaluate the interlaminar shear response of composite 

laminates embedded with microwire (cylindrical) sensors despite the fact that interlaminar 

shear failure being one of the critical failure modes for laminated composites.  

This research was an effort to provide knowledge on the possible shear strength 

degradation while implementing an embedded microwire sensor in a composite structure. 
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In the future, the microwire sensors can be used for repair applications while maintaining 

the structural integrity. More specifically, the aim was to better understand the underlying 

mechanisms in the presence of an embedded cylindrical sensor through (1) an 

experimental study to evaluate the shear strengths with various sensor embedment 

levels, (2) the development of an analytical model and (3) numerical work on measuring 

through-thickness shear stresses and strains. 

Chapter 2 presents a review of the literature on various types of embedded 

sensors, degradation of mechanical properties in their presence, test methods to 

characterize the through-thickness shear as well as finite element studies on through-

thickness strain distributions. Chapter 3 summarized the specific objectives of this study. 

Chapter 4 details the experimental work performed. The work includes the fabrication of 

laminates with embedded  microwire sensors, testing of the specimens and strain 

assessment using digital image correlation technique. Chapter 5 details the analytical 

work performed. The chapter gives a detailed description of the model construction and 

the resulting solutions. Chapter 6 discusses the results of the experimental and analytical 

work done. Important conclusions of this research, recommendations and future work are 

discussed in Chapter 7.  

  



 
 

5 
 

CHAPTER 2 

LITERATURE REVIEW 

Integrating self-sensing capability into structural composite materials have 

stimulated many researchers [14-29]. Previous efforts to integrate sensors include 

sensors in the form of chip resistors and thin film sensors (polyvinylidene fluoride sensors) 

[14], fiber optic sensors [15-22] and microwire sensors [23-29]. The ability to embed 

sensors into composite materials have become a promising start to the new concept of 

smart structures. The primary field of research for embedment is the sensor technology 

to monitor both the structural environment and the integrity of the structure itself of 

advanced aircrafts and spacecrafts. Bridges, nuclear power plants, skyscrapers and other 

critical structures could also make use of the embedded structural monitoring systems in 

the future advancement [16-21].  

In order to serve the purpose as a structural health monitoring system, thermo-

mechanical coupling of the sensor with the host material is required. In previous studies  

[23-29], it was concluded that when a sensor device is embedded non-parallel to the 

unidirectional laminate plies, it creates a resin-rich area around the sensor. The resin rich 

region, usually the weaker phase, acts as an interlaminar discontinuity prone to 

mechanical failure due to the reduction in load carrying capability. Therefore, it is 

necessary to characterize the effects of embedding sensors on the mechanical properties 

of the host structural configuration.  

Section 2.1 discusses the various types of sensors embedded in the previous 

research work. Section 2.2 describes the mechanical degradation associated with it. 

Section 2.3 summarizes the different test methods used to characterize through-thickness 
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shear. Section 2.4 details the previous analytical investigations performed to understand 

the through-thickness shear behavior and the accuracy of the test methods used.   

 Embedded Sensors 

Previous efforts to integrate sensors into fiber-reinforced composites have often 

required that such a device be placed between the fiber layers of a composite as it is 

being fabricated (i.e., during layup). This way the embedded sensors were protected from 

adverse environmental conditions. Also, a structure with a smooth surface finish was 

desired [14-29].  

Schaaf et al. [14], used embedded chip resistors, punched chip resistors and 

embedded polyvinylidene fluoride (PVDF) in his study. The end goal of his research was 

to integrate in-situ structural health monitoring capability into structural composite 

materials. Figure 2 depicts the various configurations used in his study. The findings of 

Schaaf’s study are briefed in section 2.2.  

(a) Blank specimen (b) Embedded sensor specimen 

(c) Punched sensor specimen (d) PVDF specimen 
 

Figure 2: Samples with chip resistors and PVDF [14] 
 

Fiber optic sensors (FOS) can be embedded into structures supporting aircraft, 

spacecraft, automobiles, boats, buildings, dams and bridges [15-22]. They are being used 

to identify and suppress undesirable vibrations in space structures and helicopter 
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components [15-22]. Most recently they are being proposed to be used to monitor widely 

dispersed natural structures such as earthquake fault lines and volcanic motion [17]. This 

is due to their ability to be embedded in composite structures. Optical fibers are relatively 

small (100-200 µm), lightweight, resistant to corrosion and fatigue, immune to 

electromagnetic interference and reasonably compatible with composites [15]. However, 

the FOS is not small when compared to the reinforcing fibers (5-10 µm) in composites. In 

order for embedded FOS composite structures to be accepted, it must be shown that FOS 

inclusion does not lead to the degradation of structural properties. The schematic in 

Figure 3 represents a section of a laminate with embedded FOS showing the resin pocket 

and the geometric distortion of the fibers[15].  

 
Figure 3: Schematic of an embedded FOS [15] 

 

Microwire temperature sensors have been suggested for the measurement and 

control of process temperature during cure of composite parts and repair patches [23, 

24]. They can be embedded in plies or adhesive bondline of the composite repair and can 

provide in-situ temperature data during cure. A typical microwire sensor tube (referred to 
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as simply a microwire sensor) is approximately 250 µm in diameter. The sensor tube 

consists of three sensing wires: primary wire, auto-calibration wire and the reference wire 

[23, 24]. The basic concept behind operation is the magnetization of these sensing wires 

by an applied magnetic field. In the presence of an alternating external magnetic field, the 

primary wire changes polarity. This realignment (re-magnetization) can be detected as a 

voltage pulse by an antenna. The magnitude of this realignment is temperature-

dependent [23, 24]. Figure 4 and Figure 5 illustrate the microwire sensor assembly and 

an embedded microwire sensor tube inside a laminate.  

 
Figure 4: Microwire temperature sensor assembly [24-30] 

 

 
 

Figure 5: Embedded microwire sensor in a unitape laminate [26-29] 
 

  

Unidirectional Laminate

Eye Shaped Resin Rich Region
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 Degradation of Mechanical Properties 

Inclusions which are significantly larger than the reinforcing fibers in a composite 

structure could result in delamination, which in turn reduces the load carrying capability 

of the structure. The resin rich region around the inclusion could become the critical 

source for damage progression [14-29]. Studies have been conducted to evaluate the 

possible degradation in the mechanical properties of different laminate configurations [14-

29].  

Schaaf et al. [14], conducted fatigue under three-point bending configuration on 

unidirectional glass-epoxy laminates with embedded chip resistors and polyvinylidene 

fluoride (PVDF) sensors at the mid-plane. The results revealed that the embedded 

elements had a noticeable effect on the fatigue life of the specimens. The average fatigue 

life of the pristine specimens was 1.71 x 106 cycles. The fatigue cycles were reduced to 

0.528 x 106 and 1.44 x 106 for the embedded and punched specimens. Furthermore, the 

results revealed that the method of integration also had a profound effect on the fatigue 

life. The precision punched specimens had a fatigue life that was 85% of the pristine 

specimens and the embedded sensor specimens had a fatigue life of only 31% of the 

pristine specimens. In fact, the precision punched specimens increased the fatigue life 

compared to the simply embedded specimens. The type of microsensor used in the host 

structure affected the strength a great deal therefore concluding that optimizing the 

sensor geometry needs future investigation.  

Tensile and compressive loading tests were conducted on Kevlar-epoxy 

laminates with embedded optical fibers (OF) at various locations to evaluate their 

performance. Both Measures [18] and Carman et al. [19] revealed that there was a slight 
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increase in the failure stress but no major contribution to damage from optical fibers. 

Similar results were obtained with OF placed parallel to the reinforcing fibers.   

For the case of carbon-epoxy laminates with OF embedded perpendicularly, an 

average decrease in material strength of 26% under compressive loading was reported 

by Roberts and Davidson [20]. Static flexural tests on unidirectional and crossply 

laminates confirmed that OF had little effect on the mechanical properties however this 

was not the case with fatigue tests. The specimen configurations with OF embedded at 

the mid-plane had the most effect, especially with crossply laminates. No detrimental 

effect was observed with unidirectional and crossply laminates with OF embedded 

between the third and fourth plies [16].  

A number of analytical studied were conducted on embedded OF in composite 

laminates subjected to compressive, tensile, shear, and thermal loads. A cylindrical model 

with a lenticular region was used to portray the optical sensor. The model was used to 

examine: [15, 20-22]. 

1. Strain concentration at the interface of the OF. 

2. Optimization of coating material properties to reduce strain concentration. The 

physical size of the fiber and coating effects the stress concentration in the 

composite. The greater the separation between plies around the fiber the greater 

are the bending moments experienced by the adjacent plies from the longitudinal 

loads applied. 

3. Failure mechanisms due to embedded OF. 
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4. Thermal mismatch between the OF and the host composite giving rise to residual 

thermal stresses during processing. The lenticular region acts as a stress 

concentrator as a result. 

For the case of embedded microwire sensors, a substantial amount of work has 

been performed by researchers to determine the effect on the structural integrity of the 

composite laminates [26-29]. The effect of an embedded cylindrical sensor on the in-

plane tensile properties of composite laminates was studied [26]. The results concluded 

with no reduction in tensile strength when embedded in a fabric-weave material but a 

22% reduction in tensile strength when embedded in a unitape material. In-plane 

compressive strength was measured for two different material systems with embedded 

microwire sensors. The results indicated a 5.3% reduction in compressive strength and 

modulus for the 8H material. To further understand the impact of embedding sensor 

tubes, finite element analysis was performed for unidirectional material [27]. Experimental 

and numerical investigations were performed to study the effect of embedding microwire 

sensors on Mode-II interlaminar fracture behavior of unidirectional composites and 

adhesively bonded composite laminates [28, 29].  

It is followed that with laminated composite structures, the interlaminar shear 

failure mode is the potential source of failure. Interlaminar shear strength (ILSS), which 

is the resistance against shear delamination, is therefore the critical parameter of all [30-

33]. Many shear test methods for composite materials have been developed and classical 

beam theory is usually used to interpret the experimental results [30-38].  
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 Experimental Methods to Characterize Interlaminar Shear Failure 

The effort to find a reliable test method to measure interlaminar shear strength 

had been somewhat a success in the past. It is important to note that shear properties 

are important when interfacial bonding or matrix failure of a composite structure is critical. 

Many shear test methods [30-38] have been developed to characterize the interlaminar 

failure of composites. However, there is a great deal of confusion about which method to 

be utilized. The sole purpose of the test method is to create pure shear which is difficult 

to attain because of coupling effects. Additionally, an effective test method should be able 

to replicate results, provide all shear properties, require no special equipment for 

specimen preparation, be able to perform on readily available test machines, and have a 

less advanced data reduction procedure [30-38].  
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The shear test methods that are being used by researchers include torsional 

shear of a thin walled tube, torsional shear of a unidirectional composite rod, tensile shear 

of ±45º off-axis laminates, interlaminar shear of a grooved laminate [5, 6], and the short-

beam shear method [4, 30-32]. A number of experimental and analytical studies have 

been conducted to determine the validity of these tests.  

The short beam shear method (SBS), ASTM Standard D2344 [4], is the most 

commonly used test method to characterize the apparent interlaminar shear strength of 

unidirectional fiber-reinforced composite materials. It is a popular screening tool due to 

its simplicity in both experimental and sample preparation. The test method involves a 

specimen with rectangular cross section resting on two support cylinders and a load being 

applied by means of a loading cylinder at the mid-span of the specimen as shown in 

Figure 6. 

 
 

Figure 6: Short-beam shear test configuration [4] 
 

A span-to-thickness ratio (L/h) of 4 or 5 is used to minimize bending stresses, 

allowing through-thickness shear stresses to dominate, giving rise to interlaminar shear 

failure along neutral plane [4]. Many researchers referred to the limitations of the span-
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to-thickness ratio of a SBS specimen [33-36]. The dependence of ILSS on span-to-

thickness ratio have been proved both experimentally [33-36] and analytically [46]. 

Results of experimental studies reported in the literature show that the interlaminar shear 

strength increases with decreasing span-to-thickness ratio. The dependence of ILSS on 

the specimen size was studied by Wisnom et al. [36]. A significant reduction in 

interlaminar shear strength with increasing specimen size was observed in their study.  

Babu Kiran and Harish [35] used various specimen thicknesses to demonstrate the effect 

of specimen size on the ILSS for glass fiber laminated composites.  

A review of these SBS studies above have reported indentation and/ or flexure 

failure of specimens rather than in interlaminar shear [30-36, 41-46]. This is due to the 

indentation deformation and concentration of compressive and transverse shear stresses 

at the loading nose. A number of improvements were suggested in the literature.  A larger 

diameter loading cylinder was adopted in some experimental analyses, especially for 

carbon-epoxy material systems, to avoid unacceptable stress concentration due to the 

transverse and shear stresses under the loading nose [42-45]. A modified SBS test 

method such as introducing a uniform distributed load was developed by Sivakumar [30] 

and Abali et al. [32]. Aluminum and silicon rubber pads are used to create a uniform load 

distribution. Both experimental and analytical studies concluded that this method greatly 

reduced the contact pressure under the loading nose and produced consistent failure 

modes compared to the standard SBS method. Short [41] used a tabbed (sandwich) 

specimen to induce a pure state of interlaminar shear. In this study, the sample was 

sandwiched with two layers of steel bonded with epoxy adhesive, which created no 

crushing of the specimen by the load and supports during testing. A pure state of 
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interlaminar shear failure was induced. Feraboli and Kedward [31] modified the SBS 

specimen to produce a reduced surface area of shear failure for carbon-epoxy 

composites. In the Joshua specimen [31], a longitudinal notch across the thickness was 

created so that the area of shear failure is reduced. However, the specimens failed at 

lower load levels than the standard SBS specimens. Table 1 illustrates the various 

modified SBS test configurations that were adopted. The four-point short beam shear test 

(ASTM D7264) has also been used in the literature [42]. Although, this method produces 

consistent ILSS results and pure interlaminar shear failure modes, loading heads restricts 

the specimen size. Thin specimens tested by the standard (1/4” dia.) loading head would 

promote indentation failure. 

The failure mode in three-point bending is not pure shear as a result of indentation 

damage under the loading nose [30-36, 41-46]. Due to the top surface being damaged, 

redistribution of shear stresses occur across the reduced thickness. Existence of surface 

damage causes a reduction in the interlaminar shear strength. This showed why the ILSS 

was lower for three-point bending specimens rather than four-point bending. It was 

observed that in most cases, the horizontal crack occurred only on one side of the roller. 

Delamination failure in unidirectional composites begins right under the loading nose and 

propagates all the way to the edge. According to Cui et al. [43], four-point bending test is 

considered a valid test compared to three-point bending test because the failure mode is 

purely interlaminar shear and no roller damage was observed.   
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Table 1: Modified SBS test configurations 

Description Specimen Configuration 

Modified three-point bending test 
with Aluminum and silicon rubber 
pads between the loading nose 
and specimen [32] 

 

Composite specimen with a 
longitudinal notch named as 
Joshua specimen [31] 

 

 

 

Composite specimen sandwiched 
with two layers of steel and 
subjected to four-point bending 
[41] 

 
 

The analytical studies [12, 13, 39-47] discussed below include classical 

anisotropic beam and laminate analyses, and linear and non-linear finite element 

analyses. Also, a number of studies have been conducted to investigate the accuracy of 

the classical beam theory using elasticity solutions or analytical models [12, 13, 39-47]. 

 Finite Element Studies on Interlaminar Shear 

Classical beam theory is usually used to interpret the experimental results, 

despite the fact that the actual stress state of the SBS specimen is complex [33]. The 

complex stress state is due to the low span-to-thickness ratio and the compressive 
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stresses induced at the loading and support locations. Based on the beam theory [31-34], 

the through-thickness shear stress in the plane of loading varies parabolically and 

reaches its maximum on the neutral plane. For a SBS specimen with a rectangular cross-

section, the maximum shear stress is calculated using Eq. (1), which is also defined as 

the closed-form approximation. 

  σmax
13 =

3

4

P

A
 (1) 

 
A number of studies, using finite element analyses (FEA) have been conducted 

to investigate the discrepancies of the beam theory [12, 13, 39-47]. It was found that the 

inadequacies of the beam theory were due to various parameters such as through-

thickness shear behavior, specimen size and composite material systems. For this 

reason, the term “apparent” interlaminar shear strength is used to define the ILSS 

calculated using Eq. (1).  

Figure 7 illustrates the axial and shear stress distributions across various cross-

sections obtained from a finite element analysis for a unidirectional carbon-epoxy SBS 

specimen [12]. It is evident that there are inadequacies: the stress distributions under the 

load and supports are skewed. The sections away from the loading and support locations, 

the stress distributions approximately agreed with the classical beam theory [42-44]. The 

effect of these stress concentrations never fully dissipated and therefore, the St. Venant’s 

principle is not satisfied in a highly orthotropic beam of a low span-to-thickness [37].  
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Figure 7: Plots of axial and shear stress distributions at various cross-sections as 
reported by Makeev et. al. [12] 

 

The shear response of unidirectional composites is matrix dependent, which is 

highly nonlinear in nature [42, 43]. Finite element analyses with shear nonlinearity taken 

into account revealed that shear softening significantly affects the accuracy of the 

classical beam theory. For a glass-epoxy composite, the maximum shear stress at mid-

thickness of the beam specimen at a location equidistant between the loading and support 

cylinders at the failure load was reported 15% lower than the maximum value given by 

closed-form approximation by Cui et al. [43, 45]. Figure 8 illustrates the numerical results 

obtained for a unidirectional IM7/ 8552 carbon-epoxy prepreg tape [43]. For L/h=5, the 

shear stress at failure was reduced by about 16% compared to the closed-form 

approximation. For each case, the discrepancy is negligible at low load levels assuming 
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linear elastic material behavior, while at the higher load levels, the error increases due to 

shear nonlinearity. 

 
 

Figure 8: Comparison of closed-form and finite element analysis stress calculations 
reported by He and Makeev  [43] 

 

The influence of various span-to-thickness ratios on the through-thickness shear 

stress distribution have also been studied [43]. As shown in Figure 8, the accuracy of the 

closed-form approximation is dependent on the specimen configuration and the 

discrepancy alleviates at higher span-to-thickness ratios.  

The inconsistency of the experimental apparent interlaminar shear strength with 

various spans can be explained from these FEA-based results [12, 13, 42-46]. Accuracy 

of the closed-form was also found to depend on the composite material system. It is worth 

noting that shear stresses in the unidirectional carbon fiber composites exhibit a larger 

deviation from the beam theory approximation compared to less anisotropic material 

systems. This is in fact seen in studies conducted by Makeev et al. [12, 13, 40] where 

glass-epoxy specimens were used, which are less anisotropic, remained within 5-6% till 
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failure but increased up to 15% for carbon-epoxy specimens [12], which are highly 

anisotropic. Cui et al. [43, 45] reported a 15% deviation from the closed form for glass-

epoxy composites. For a carbon-carbon system used by Abali et al. [32] and a graphite-

epoxy system used by Short [41], the beam equation overestimated the strength by 5%.  

Implementing the classical beam theory to measure the ILSS requires shear 

nonlinearity taken into account. Finite element-based corrections and techniques have 

been suggested by researchers for accurate assessment of stress-strain relations of 

composite materials. An inverse problem technique was used by Makeev et al. [40, 42 

and 44] to obtain the entire shear stress-strain curve, using a combination of iterative 

finite element model for stress calculation and digital image correlation (DIC) for strain 

evaluation. A three-dimensional finite-element model (FEM) with geometric nonlinearity, 

material nonlinearity and contact interactions was developed. Eq. (2) is the generalized 

log-linear equation (Ramberg-Osgood) used for the iterative procedure.  

 γ13 =
σ13

G13
+ (

σ13

K13
)

1
n13

 (2) 

 

Makeev and co-workers developed a bilinear model [12] to be implemented with 

Eq. (2) to obtain the shear stress-strain responses. The bilinear model was required to 

maintain the deviation close to 5%. To investigate this fact, a three-dimensional finite-

element model was developed. The FEM included geometric nonlinearity, material 

nonlinearity and contact interactions. The bilinear model is given by: 

 σxy  = {

3

4

P

A
,           

3

4

P

A
≤ σ0 = 6.8 ksi

 0.8 (
3

4

P

A
− σ0) + σ0,

3

4

P

A
> σ0

              (3) 
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A nonlinear shear correction factor α was defined by Cui et al. [43] to account 

nonlinearity into the beam theory. A two dimensional plane stress finite element model 

was implemented in this study. Eq. (4) is used to calculate the correction factor: 

 α = {
1,        P ≤ Py

2
3⁄ ,   P → ∞ 

 (4) 

 

Where 𝑃𝑦 is the yielding load which is found to be depending on α.  

For three-point bending and four-point bending tests [43], the reported non-linear 

shear correction factors were α = 0.838 and α = 0.826. Shear correction factor k was 

determined by two dimensional plane stress nonlinear contact element analysis for 

different material systems [30]. A value of 0.95 for carbon composites and 1 for glass 

composites was reported. Figure 9 illustrates the two dimensional FEA model used in the 

studies above.  

 
 

Figure 9: Two dimensional finite element model [30, 43] 
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In another study, Xie and Adams [33] assumed a quadratic yield function for 

orthotropic solids. The parameters were determined by a trial-and-error optimization 

method. The Eq. (5) and Eq. (6) describe the effective stress-effective plastic strain curve 

for glass-epoxy and carbon-epoxy composites. 

For S2/ 3501-6: σ̅ =
3.31 × 106εp̅

[1 + 68.9(εp̅)0.44]2.27
 (5) 

   
For AS4/ 3501-6: σ̅ = 553.1(εp̅)0.27 (6) 

 

From tests on material properties [45], it has been found that shear response is 

very nonlinear compared to nonlinearity in the fiber and transverse directions. In a study 

conducted by Cui et al. [45], varying shear response was included in a nonlinear analysis 

to account the material nonlinearity. Eq. (7) gives the shear responses applied into the 

model. 

 Gxz = { 

4340 MPa      when γxz ≤ 1.0%
870 MPa    when 1.0% < γxz ≤ 4.0%

260 MPa       when γxz > 4.0%
 (7) 

 

 Progressive Failure Analysis 

Due to the extensive use of composite materials in aerospace and automotive 

applications, a reliable methodology to predict the performance of composite structures 

beyond initial localized failure is essential [51]. The types of failure composite structures 

undergo include matrix cracks, fiber breakage, fiber-matrix debonds, and delaminations. 

Analytical methods are required to fully understand these failure mechanisms to develop 

reliable, safe designs. Ochoa and Reddy [52] present a flow chart of the basic steps for 

performing a progressive failure analysis. Figure 10 illustrates a typical methodology for 

a progressive failure analysis [52].  
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A non-linear analysis is performed for each load step until a converged solution 

is obtained assuming no changes in the material model. Based on this solution, the 

stresses within each lamina are determined at this equilibrium state. The stresses are 

then compared with the material strength allowables and used to determine failure 

according to a failure criteria. If a lamina failure is detected based on a failure criterion, 

the lamina properties are changed according to a degradation model. The equilibrium 

state is once again established with the modified lamina properties for the failed lamina 

while maintaining the current load level. This iterative process is repeated until no 

additional lamina failures are detected. The load step is then increased until final failure 

of the structure is detected [51].  

Therefore, a typical progressive failure analysis method involves five key features 

namely [51]: 

1) Non-linear analysis – to establish equilibrium 

2) Stress recovery procedure – to establish the local lamina stress state 

3) Failure criteria – to detect local lamina failure and mode of failure 

4) Material degradation model – to degrade material properties based on failure 

5) Re-establish equilibrium – after modifying local lamina properties 
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Figure 10: Typical progressive failure analysis methodology [52] 
 

 Literature Review Summary 

A significant amount of work has been published on embedded sensors in 

composite structures. All work has been conducted towards the purpose of establishing 

composite ‘smart’ structures for structural health monitoring. The purpose of these studies 

was to determine their effects on the structure such as the mechanical strength. 

Researchers have come to the conclusion that fiber waviness and the resin pocket around 

the sensor creates significant amount of mechanical strength degradation.  

Based on the different test methods used to characterize interlaminar shear, 

short-beam shear test method (ASTM D2344) was the most commonly used test method 

due to its simplicity. Classical beam theory is usually used to interpret the experimental 

results, despite the fact that the actual stress state of the specimen is complex. A number 

of studies, using finite element analysis (FEA) have been conducted to investigate the 
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discrepancies of the beam theory. It was found that the inadequacies of the beam theory 

was due to various parameters such as through-thickness shear behavior, specimen size 

and composite material systems.  

However, in order to fully understand the mechanisms behind matrix cracks and 

ply-delamination during failure, a progressive failure analysis technique must be utilized. 

This includes a nonlinear analysis to establish convergence, stress recovery procedure 

to determine the lamina stresses, failure analysis to detect lamina failure, material 

degradation model to degrade lamina properties and to re-establish equilibrium with 

modified lamina properties. 
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CHAPTER 3 

PROBLEM STATEMENT 

Embedding sensors in composite structures for structural health-monitoring and 

other applications have prompted researchers to investigate their compatibility with the 

composite structures. Microwire temperature sensors can be embedded for the 

measurement and control of process temperature during cure of composite parts and 

repair patches. Experimental and analytical work has been conducted to study the effects 

of these embedded cylindrical sensors on tensile, compressive, interlaminar fracture 

toughness and mode-II interlaminar fracture behavior on laminated composites. No study 

has yet been conducted to evaluate the interlaminar shear response of composite 

laminates embedded with cylindrical sensors despite the fact that interlaminar shear 

failure being one of the critical failure modes for laminated composites. Previous 

researches on interlaminar shear behavior include determining a test method to evaluate 

the ILSS and their short-comings and finite element modeling method for accurate 

assessment of nonlinear shear stress-strain relations of composite materials.  

The objective of this work is to study the effects of embedded cylindrical sensors 

on the interlaminar shear behavior of a unidirectional Out-of-Autoclave material system. 

The experimental work was based on ASTM D2344 test method to measure ILSS coupled 

with Digital Image Correlation (DIC) technique to measure through-thickness shear strain. 

For the analytical studies, a two-dimensional plane stress finite element model was 

developed and  progressive failure analysis methodology was utilized to predict material 

failure.  
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CHAPTER 4 

EXPERIMENTATION 

 Material and Fabrication 

For the experimental investigation, a total of four laminates were fabricated: one 

pristine and three with microwire sensor tubes embedded between plies. The sensor 

tubes were placed at the mid-plane (configuration C), one ply above the mid-plane 

(configuration B) and two plies above the mid-plane (configuration A) as shown in Figure 

11. All configurations had the sensor tube placed across the fiber direction. The 

specimens were machined such that the sensor location was 0.5 inches away from the 

edge of the specimens for all the configurations. At this location, which is close to the 

neutral plane, pure shear state exists. The effects of the sensor, if any, would be affected 

the most if the sensor is located 0.25 inches away from the mid-span. 

 

 
 

Figure 11: Sensor placement configurations 
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The laminates were fabricated from Cytec’s unidirectional T650/5320-1 prepreg 

material system [7].  The nominal cured ply thickness of the prepreg is 0.0055 inches and 

the fiber areal weight is 2.05 x 10-4 lb/in2. The uncured resin content is 33% by weight [7]. 

The laminates were made of 45 plies with a stacking sequence of [0]45. Before the 

aluminum tools were used for the laminate build-up process, they were sanded with an 

electric sander. The tools were then cleaned with acetone to remove the aluminum dust. 

The tools were then treated with 2-3 coats of mold sealer and release agents prior to the 

layup. A non-perforated release film was applied on to the tools to separate the laminates 

from the tools. The plies were stacked with the “backing paper” side facing the tool. A 

plastic spatula was used to apply pressure to help the plies conform to the shape of the 

tool. The first ply and every 4-5 sets of plies were debulked at room temperature. The 

plies were covered with release film, breather cloth and sealed under 13 psi vacuum 

pressure for approximately 10 minutes. This operation was performed to remove 

entrapped air between plies. For the pristine laminate, no sensor tube was embedded. 

For the configuration C laminate, the sensor tube was embedded between plies 22 and 

23. For the configuration B laminate, the sensor tube was embedded between plies 23 

and 24. For the configuration A laminate, the sensor tube was embedded between plies 

24 and 25 (Figure 11). For all sensor configurations, the sensor tube was placed 

perpendicular to the fiber direction. The laminates were 14 inches in length and width and 

the sensor tube lengths were greater than 14 inches. When the tubes were placed 

between plies, the excess length extending out of the laminates helped locate the sensor 

tube after cure. The laminates were bagged in accordance with the layup scheme 

illustrated in Figure 12. The laminate stacks were covered with a non-perforated release 
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film, to prevent through-thickness resin bleed. The setup of woven fiberglass fabric 

wrapped around sealant tape was placed along each edge of the laminate. In order to 

ensure efficient air removal, the fiberglass fabric must be in contact with all the plies of 

the laminate stack. A caul sheet, 0.5 inches shorter than the laminate size, was placed 

on each laminate over the release film before applying the breather cloth. Two 

thermocouples, per each laminate, were placed with their tips touching the edges of the 

laminate. A vacuum bag was applied to seal the whole set-up to the tool using sealant 

tape and two vacuum ports were used to apply vacuum pressure and check for leaks. 

The final bagged assemblies were debulked for 8 to 10 hours prior to cure to allow 

entrapped air to evacuate before resin impregnation. The laminates were cured in an 

oven as per the manufacture’s recommended cure cycle shown in Figure 13. 

 

 

 
 

Figure 12: Schematic of the bagging process [7] 
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Figure 13: Manufacturer recommended cure cycle [7] 
 

 Short-Beam Shear Test 

The specimens were machined from the cured laminates as per the ASTM 

standard D2344/D2344M. The length (L) and the width (w) of the specimens were 

1.5±0.02 inches and 0.5±0.02 inches (Figure 11). The thickness (t) of the specimens 

ranged between 0.24±0.01 inches. Quasi-static three-point bending tests were conducted 

on the following the test matrix summarized on Table 2 to characterize the subsequent 

effects of the sensor embedment and their configurations on short-beam shear strength. 

Table 2: Test Matrix for short-beam shear test 

Sensor Configuration Number of Specimens 

Pristine 6 

A 5 

B 5 

C 5 
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The tests were performed using an electro-mechanical MTS machine. The load 

frame was equipped with a three-point bending fixture consisting of a 6 mm (0.25 in) 

loading nose cylinder and two 3 mm (0.125 in) support cylinders. The span length was 

adjusted to 1-inch in accordance with ASTM D2344. The specimens were placed such 

that the sensor was located between the loading nose cylinder and one of the support 

cylinders as shown in Figure 14. The specimen side facing the microscope was painted 

white and speckled with black paint. The SBS specimens were statically loaded at 0.05 

in/min crosshead displacement rate in the transverse (1-3 plane) material direction to 

failure. While the specimen was subjected to load, a sequence of images, each at a 

corresponding load level, was acquired. The test was performed at ambient laboratory 

conditions. The loading, data recording and failure modes were reported as per the ASTM 

standard D2344. The classical beam theory Eq. (1) was used to calculate the ILSS for 

each specimen. 
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Figure 14: SBS test setup 
 

4.2.1 Compliance Calibration 

The load-displacement curve for each specimen was plotted using the loads 

recorded and the adjusted crosshead displacements calculated. The error in the 

crosshead movement was corrected by doing a compliance calibration test. A SBS test 

was performed using a laser extensometer to measure the actual displacement, which is 

the displacement measured from the tip of the loading roller. Based on the results, the 
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correction factor was found to be 0.78. For each test performed, the recorded crosshead 

displacements were multiplied by 0.78 to find the actual (adjusted) displacements. Figure 

15 displays the results from the compliance calibration test.  

 
 

Figure 15: Compliance calibration test results 

 

4.2.2 Strain Measurement 

Digital Image Correlation (DIC) technique was used to obtain the through-

thickness shear strains over the free edge of the short-beam shear specimens. This 

technique was preferred over the conventional strain gages due to the small region of 

interest and presence of strain gradients [44]. In this study, the transverse edges of the 

specimen  were painted white and speckled with black paint and the 2D images of the 

surface were analyzed. Figure 16 shows a texture pattern created on the surface of a 

short-beam shear (SBS) specimen. 
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Figure 16: Speckled SBS specimen (Dimensions: 2592x1944 pixels) 
 

While the specimen was subjected to load, a sequence of images, each at a 

specific load level, was acquired. The images were captured using a Dino-Lite Edge [9] 

with a 5 megapixel image resolution and 200x magnification. The DIC software (ARAMIS 

v6.3 [8]) was used to compute the 2D Lagrange strain tensor components on the 

specimen surface. ARAMIS software measures the three-dimensional displacement 

components on the surface by tracking the texture pattern before and after deformation 

in small subsets which are numerically differentiated to obtain the strains [8]. Due to the 

predominantly 2 dimensional nature of strains along the free edges, a single digital 

microscope was used.  

For the analysis in this study, the displacement components were obtained using 

12 x 12 pixels facets. A facet step of 10 pixels corresponding to a 2-pixel overlapping area 

was used. The strains were smoothed using the average filter option in ARAMIS, which 
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corresponds to the virtual strain gage measurement, to obtain the maximum shear strains 

throughout the loading history at the same time suppressing the possible noise. A 

through-the-thickness section was created along the sensor location in ARAMIS to extract 

the strains throughout the loading history.  

Figure 17 shows the strain measurement location. Shear strain data points, ε12 

along the sensor were obtained for each configuration. Eq. (16) was used to convert the 

Lagrange strains to engineering strains, for comparison purpose. 

 γ12 = 2ε12 (16) 
 

Where ε12 is maximum Lagrange shear strain obtained from DIC.  

 
 

Figure 17: Strain measurement location 
 

  



 
 

36 
 

CHAPTER 5 

FINITE ELEMENT ANALYSIS 

In order to understand the underlying mechanisms in the presence of embedded 

sensors for the T650/ 5320-1 material system, a two-dimensional plane stress finite 

element model was assembled using the MSC Marc [48] non-linear finite element 

software. Due to the geometry of the specimen, zero stress was assumed in the z-

direction. Hence, a plane stress condition was used in this study. The following sections 

describe the details of the model and analysis.  

 Model Description 

In this study, a two-dimensional plane stress condition was assumed. Figure 18 

shows the finite element meshes with and without an embedded sensor tube. Due to the 

symmetry, only one-half of the specimen was modeled.  For comparison, only the side 

with the embedded sensor tube was modeled. In the present study, models with the 

sensor tube embedded at mid-plane, 1-ply and 2-ply above mid-plane were investigated.  

Deformable contact bodies with hardened steel elements were used as load and 

support rollers to simulate realistic load distribution at contact points. MSC Marc suggests 

the use of deformable bodies if the motion is displacement-controlled. If a rigid body is to 

be used, the conventional methods of applying motion is velocity, position, load or scaling 

[49]. Cui et al. [45] used rigid rollers with concentrated load acting at the center of the 

loading roller in their study. Shivakumar et al. [30] used hardened steel elements which 

applied a point load on the line contact elements between rollers and composite. 
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(a) 

 
(b) 

Figure 18: Schematics of the numerical model with (a) no sensor embedded (b) 
sensor embedded in the mid-plane 
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For the specimen, one element layer represented a single T650/ 5320-1 unitape 

ply except for the two plies surrounding the resin-rich area, which was represented as two 

element layers per ply. A finer mesh was used to discretize the domain around the sensor 

tube and the resin pocket to better capture the stress gradients. The thickness of the one 

element layer was 0.005 inches which is the nominal thickness of a ply. The thickness of 

the two element layers was 0.004 inches and extended all the way to the edge of the 

specimen due to the embedment of the sensor tube. In the finite element analysis 

conducted by Bhupen [28], an element thickness of 0.005 inches was maintained after 

the resin-rich region. A total of 45 element layers were modelled to represent the 45 plies 

in an actual specimen.  

The cylindrical sensor and the resin pocket was modeled based on the previous 

studies [25-29]. The diameter of the sensor tube (d) was taken as 0.0102 inches. The 

resin pocket was modeled with a length (LR) of 0.131 inches. The average length of resin 

pocket reported in the study conducted by Manoj [26] and Akhil [27] was 0.145 inches. 

Figure 19 illustrates the sensor geometry used in the study. In developing the finite 

element model, the coordinate system was defined such that the x- and y-directions 

represented the fiber and out-of-plane thickness directions. The models in this work 

included material nonlinearities and geometric nonlinearities due to contact interactions.  
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Figure 19: Ply and sensor geometry [27,28] 

 

The finite element mesh consisted of 4-node, isoparametric quadrilateral 

elements (Element type 3 in MSC Marc) which uses bilinear interpolation functions. The 

strains extracted in this way were constant throughout the elements. Similarly, 4-node 

quadrilateral elements were mostly used to model the load and support rollers with some 

3-node, isoparametric, triangular elements (Element type 201 in MSC Marc) at the tip of 

the loading roller. The stiffness matrix of element type 3 is formed using 4-point Gaussian 

integration and the stiffness matrix of element type 201 is formed using one point 

integration at the centroid.  

Figure 20 illustrates the single plane stress elements with the Gaussian 

integration points [49]. Shivakumar et al [30] idealized the specimen by 4-noded 

orthotropic elements. In the study conducted by Cui et al. [45], eight-noded rectangular 

plane stress elements with reduced integration were used. 
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(a) 

 
(b) 

 
Figure 20: Plane stress elements (a)  4-node quadrilateral element (b) plane stress 

triangle 
 

 Contact Interactions 

In the contact analysis, a contact table was used to define the following contact 

pairs. Each contact body was given a specific boundary description. Figure 21 illustrates 

the contact table in MSC Marc that is used to define the boundary descriptions between 

the contact bodies: 

a) Self-contact between plies of the specimen (3rd row, 3rd column) to ensure contact 

between neighboring plies when a load is applied. 

b) Touching contact between the specimen and loading/support rollers (T) to 

simulate the experimental setup. 

c) Glue contact between resin/sensor tube, resin/specimen and sensor/specimen 

(G). 

A distance tolerance of 10-5 inches was used to detect contact between the 

contact bodies. During the analysis, each potential contact node checks for a nearby 

node. Any node within this tolerance value is assumed to be in contact with the other. All 

contact bodies (rollers, specimen, resin, tube) were defined as deformable.  
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Figure 21: Contact table to define boundary conditions for each contact body 
 

Analytical NURBS curves were used to describe the boundaries of contact bodies 

such as loading/support rollers, resin-eye and the sensor tube. MSC Marc treats all 

curves or surfaces as NURBS curves or surfaces [48]. Discrete boundary descriptions 

were used for the specimen. When this approach is used, the surfaces are treated as 

piece-wise linear line segments [48]. 

In a structural analysis, a touching condition produces a non-penetration 

constraint while still allowing relative sliding between the bodies. In the glue condition, all 

relative motions are suppressed. In order to trigger failure between sensor tube, resin and 

the specimen, a breaking glue condition was created using the contact table and a stress 

criterion. The glue conditions were released when the breaking normal and tangential 



 
 

42 
 

strengths were reached. The glue contact is released when the following criterion is 

fulfilled: 

 (
σn

Sn
)

m

+ (
σt

St
)

n

> 1 (17) 

 

Where 𝜎𝑛 is the contact normal stress, 𝜎𝑡 the contact tangential stress, and Sn, St, m and 

n are user-defined. The contact status was analyzed using node-to-segment simulations 

with constant time stepping. 

 Boundary Conditions 

The finite element analysis was performed based on mechanical loading. A 

prescribed displacement was applied to the symmetry nodes of the loading pin as 

illustrated in Figure 22. The symmetry boundary conditions used in the analysis is also 

shown in the same figure. 
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Figure 22: Generic boundary conditions for all configurations 

 

Since half the specimen was modelled, symmetric boundary conditions were 

applied at the right end, that is all the nodes at the right end were constrained in the x-

direction. The nodes at the base of the support roller were constrained in x and y 

directions (x=0, y=0). The surface nodes on the loading roller were tied to the node at the 

tip (control node) using the nodal ties option and a displacement was applied to the tip in 

the negative y-direction. A tying constraint involves one tied node and one or more 

retained nodes. As a result, the degree of freedoms (u=0, v) of the tied node are 

dependent on the degrees of freedom of the retained nodes through this option. In a 

nonlinear stress analysis problem, MSC Marc performs the analysis incrementally and 
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expresses the governing equation in terms of the incremental displacement and force 

vectors as δu and δF [49] therefore, an incremental y-displacement was applied via a 

table as shown in Figure 23. 

 
 

Figure 23: Table for applying the incremental displacement in Y-direction 
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 Material Properties 

The material properties used are listed in Table 3. The composite and the resin 

were distinguished as elastic orthotropic and elastic isotropic material types in MSC Marc 

[49].  

Table 3: Material Properties of T650/5320-1 [7] 

Properties T650/5320-1 composite 5320-1 Resin 

 E11 (ksi)  20100 
 

507.63  
 E22 (ksi)  1580 

 E33 (ksi)  1580 

 v12 0.33 
 

0.35  
 v23 0.50 

 v31 0.0235 

 G12 (ksi)  681.36 
 
  

 G23 (ksi)  526.63 

 G31 (ksi)  681.36 

 F1t (ksi)  358.20 
 

12.292  
 F2t (ksi)  11 

 F3t (ksi)  11 

 F1c (ksi)  239 
 

14.997  
 F2c (ksi)  39 

 F3c (ksi)  39 

 F4 (ksi)  11.8 
 

6.146  
 F5 (ksi)  11.8 

 F6 (ksi)  14 

 

The shear modulus G31 was obtained from evaluating the test data. For each 

pristine specimen, maximum shear strains from DIC  were obtained at 200, 400, 600 and 

800 lbf load levels. The maximum shear stress at each load level was calculated using 

Eq. (18) and Eq. (19).  

 V =
P

2
 (18) 
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 τ31 =
3V

2A
 (19) 

 

Where P is the load level, V is the shear load, and A is the cross-sectional area of the 

specimen. A stress-strain graph was plotted for each specimen and the gradient of the 

linear-elastic portion was considered as the shear modulus G31. The average of all the 

specimens was taken as a measure of the composite’s shear modulus, G31.  The Table 4 

summarizes the modulus values obtained using the gradient method for each specimen. 

Since T650/5320-1 is transversely isotropic, G12  was equal to G31. The stress-strain graphs 

for each specimen is present in Appendix A.  

Table 4: Shear modulus in the material plane 1-3 

Specimen  𝐺31 (Msi) 

 1 0.659 

 2 0.678 

 3 0.731 

 4 0.721 

 5 0.651 

 6 0.648 

 AVG 0.681 

                                                                        

A Young’s modulus  of 15664 ksi and a Poisson’s ratio of 0.30 was used for the 

sensor tube in the analysis. Also, hardened steel properties (E = 3.05x107, ν=0.27) were 

used to depict the load and support roller stiffness.  

For the purpose of predicting interlaminar failure, each composite layer was 

assigned with the material properties from Table 3. Figure 24 shows the FEA model with 

materials properties applied for each layer. In MSC Marc, only 30 colors can be defined. 

From ply 31 to ply 45, no colors were defined even though the material properties were 

applied.  
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Figure 24: Colors depicting the ply layers in MSC Marc 

 

 Failure Analysis 

The modelling of material failure was performed using the crack propagation 

technique and the progressive failure analysis methodology. The process of crack 

propagation was analyzed using the Virtual Crack Closure Technique (VCCT) [48]. In the 

progressive failure analysis, the modulus is decreased gradually when a failure occurs 

based on a failure criteria.  

5.5.1 Crack Propagation Analysis 

The VCCT based mesh splitting technique in MSC Marc was used in this study 

to model the progressive interlaminar shear failure along the layer interfaces [49]. The 

user specifies a crack growth resistance (fracture toughness) for each crack. When the 

crack growth criterion is fulfilled, a propagation occurs. The delamination model definition 
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option allows the specification of mesh splitting. The delamination criterion is calculated 

separately for each layer. A mesh split is triggered if the interface tractions fulfill the 

following criterion:  

 (
σn

Sn
)

m

+ (
σt

St
)

n

> 1 (20) 

 

Where σn is the normal stress, σt the interlaminar shear stress, and Sn, St, m and n are 

user-defined. 

In the model, the delamination criterion was selected for all interfaces and the 

allowable normal and tangential stresses (Sn and St) were applied (F2t and F6 values from 

Table 3). Figure 25 shows the MSC Marc user interface for defining the properties for the 

delamination and crack propagation. 
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Figure 25: Delamination properties window to initiate delamination conditions 
 

After a mesh split was triggered, the delamination criterion was discontinued  and 

the VCCT definition was applied as shown in Figure 27. This is necessary to prevent 

unstable crack growth occurring along the crack path. At a crack tip (mesh opening), the 



 
 

50 
 

stresses (σn and σt) are extremely high causing the delamination calculation always to be 

greater than 1. This causes the crack to propagate in an unstable manner. Therefore, the 

crack propagation is controlled using the energy-based method, VCCT, after the first 

mesh split. Figure 26 illustrates the process of crack initiation and propagation performed 

by MSC Marc in this study. 

 
Figure 26: Interlaminar shear failure illustration in MSC Marc [48] 

 

In the VCCT definition, ‘direct crack growth’ method was selected and the crack 

growth was selected to be ‘along element edges’. This method was preferable because it 

determines the load at which the crack grows, path of the crack growth and the stability 

of the crack. For the crack growth direction method, ‘stay on the material interface’ was 

selected due to the fact that delamination growth is restricted to interfaces between layers 

of the composite material. For the crack growth criteria, the ‘total energy release rate’ option 

was selected. The crack growth will take place if the energy release rate, G at the crack 

tip is greater than the crack growth resistance, Gc defined. MSC Marc uses the basic 
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concept presented by Griffith and Irwin[50] to calculate the energy release rate. Griffith 

[50] stated that, for crack propagation, the elastic energy released should at least be equal 

to the rate of energy needed for a crack to open and this is given by Eq. (21): 

 G = −
dπ

da
 (21) 

 

In the above equation, π is the strain energy and ‘a’ is the crack length. Based on 

delamination experiments, Bhupen [28] reported  the crack growth resistance value to be 

7.22 lb in/in2  for T650/ 5320-1 material system, which was applied in this study.  

 
Figure 27: VCCT crack definition window 
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5.5.2 Progressive Failure 

In order to use composite materials in structural applications, it is important to 

understand the modes of failure such as matrix cracks, fiber breakage, fiber-matrix 

debonds and delaminations [52]. Various failure theories are used to study the behavior 

of composites at failure. Many analyses have been developed to predict failure strengths 

of composite laminates containing stress concentrations (e.g. circular holes, cutouts) [52, 

55].  

In this study, some of the widely used failure theories were employed to 

understand the underlying mechanisms in the presence of the embedded sensors. In the 

model, failure was predicted by a set of proposed failure criteria. The failure criteria used 

in the analysis are [51-55]: 

1. Tsai-Wu (Interactive Tensor Polynomial Theory) 

2. Maximum Stress Theory 

3. Hashin-Tape 

 Tsai-Wu (Interactive Tensor Polynomial) Failure Theory 

Of the various failure criteria for anisotropic materials, Tsai-Wu failure criteria has 

received wide attention [55]. The basic assumption is that there exists a failure surface in 

the stress space which can be expressed in terms of a polynomial function of stress tensor 

components. Therefore, this theory is also called as the “Tensor Polynomial Theory.” This 

theory is capable of predicting strength under general states of stress and uses the 

concept of strength tensors for coordinate transformation [1]. For a three-dimensional 

state of stress, failure occurs if, 
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(
1

F1t
−

1

F1c
) σ1 + (

1

F2t
−

1

F2c
) σ2 + (

1

F3t
−

1

F3c
) σ3 + (

1

F1tF1c
) σ1

2 + (
1

F2tF2c
) σ2

2

+ (
1

F3tF3c
) σ3

2 + (
1

F4
2) τ23

2 + (
1

F5
2) τ31

2 + (
1

F6
2) τ12

2 + 2f12σ1σ2

+ 2f23σ2σ3 + 2f13σ1σ3 > 1 

(22) 

Where f12, f23, and f13 are given by: 

f12 = −
1

2
[(

1

F1tF1c
) (

1

F2tF2c
)]

1
2
 (23) 

f13 = −
1

2
[(

1

F1tF1c
) (

1

F2tF2c
)]

1
2
 (24) 

f23 = (
1

F2tF2c
) − (

1

2F4
2) (25) 

 

In this failure criterion, only one failure index is calculated. Since it is an interactive theory, 

the failure criterion can only distinguish between fiber tensile and fiber compressive 

failures. 
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 Maximum Stress Failure Theory 

According to the Maximum Stress theory, failure occurs if any one of the stress 

components along a principal material plane exceeds the maximum strength in that 

direction. This can be expressed as [1]: 

σ1 = {
F1t when σ1 > 0 

−F1c when σ1 < 0
  (26) 

σ2 = {
F2t when σ2 > 0 

−F2c when σ2 < 0
 (27) 

σ3 = {
F3t when σ3 > 0 

−F3c when σ3 < 0
 (28) 

|τ23| = F4 (29) 

|τ31| = F5 (30) 

|τ12| = F6 (31) 

 

 Hashin-Tape Failure Theory 

Hashin’s theory is one of the most popular damage-based failure theories where 

fiber and matrix failures are identified separately. Each of the failure modes are expressed 

by the following equations [1]: 

Tensile fiber mode, σ1 > 0: 

(
σ1

F1t
) +  

1

F6
2  (τ12

2 + τ31
2 ) ≥ 1 (32) 

Compressive fiber mode, σ1 < 0: 

σ1

F1c
≥ 1 (33) 
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Tensile matrix mode, (σ2 + σ3) > 0: 

1

F2t
2

(σ2 + σ3)2 +
1

F4
2 (τ23

2 − σ2σ3) +
1

F6
2  (τ12

2 + τ31
2 ) ≥ 1 (34) 

Compressive matrix mode, (σ2 + σ3) < 0: 

1

F2c
[(

F2c

2F4
)

2

− 1] (σ2 + σ3) +
1

4F4
2

(σ2 + σ3)2 +
1

F4
2 (τ23

2 − σ2σ3)

+
1

F6
2  (τ12

2 + τ31
2 ) ≥ 1 

(35) 

 Progressive Failure Analysis 

In progressive failure analysis, MSC Marc assumes the material to be linear 

elastic up to the point of failure initiation. Once failure initiates, the material may undergo 

some degree of property (stiffness) loss in the damaged area. In this study, selective 

gradual degradation method proposed by MSC Marc [49], was used. In this method, the 

moduli are decreased gradually when failure occurs. This is done by calculating stiffness 

reductions factors ri for failure indices F greater than one. The material modulus is 

controlled by six stiffness reduction factors as follows [50]: 

E11
new = r1E11

orig
 (36) 

E22
new = r2E22

orig
 (37) 

E33
new = r3E33

orig
 (38) 

G12
new = r4G12

orig
 (39) 

G23
new = r5G23

orig
 (40) 

G31
new = r6G31

orig
 (41) 
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When a failure index F greater than one occurs, the incremental contribution Δri is 

calculated as:  

∆ri = −(1 − e1−F) (42) 

 

For the maximum stress criterion, the reduction factors are calculated separately. 

At each integration point, MSC Marc calculates six failure indices F and six strength ratios 

(SR) given by: 

F1 = {

(
σ1

F1t
)  if σ1 > 0 

(−
σ1

F1c
)  if σ1 < 0

 (43) 

F2 = {

(
σ2

F2t
)  if σ2 > 0 

(−
σ2

F2c
)  if σ2 < 0

 (44) 

F3 = {

(
σ3

F3t
)  if σ3 > 0 

(−
σ3

F3c
)  if σ3 < 0

 (45) 

F4 = (|
τ12

F6
|)  (46) 

F5 = (|
τ23

F4
|) (47) 

F6 = (|
τ31

F5
|) (48) 

 

For the failure criterion which has only one failure index such as Tsai-Wu, all six 

reduction factors are decreased in the same way. At each integration point, MSC Marc 

calculates the failure index F using Eqs. (41). For Hashin-Tape failure criterion which 

distinguishes between fiber and matrix failure, there is a complex coupling between the 
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failure modes. The failure indices for each mode are calculated using Eqs. (42) through 

(47). For this failure criterion, the six reduction factors are described as follows: 

• r1 depends of fiber failure (first and second failure index) 

• r2 depends on matrix failure (third, fourth and fifth failure index) 

• r3 behaves the same as r1 (r3 = r1) 

• r4 behaves the same as r2 (r4 = r2) 

• r5 and r6 behaves the same as r4 (r5 = r6 = r4) 

There are five parameters in MSC Marc for controlling the stiffness reduction. 

The parameter a1 which is the residual stiffness factor limits the material stiffness from 

going below this factor.  

The parameter a2 which is the matrix compression factor controls the reduction of 

r2. For the failure index Fmc at matrix compression failure, the incremental contribution is 

calculated as: 

∆r2 = −(1 − a2)(1 − e1−Fmc) (49) 

 

The shear stiffness factor a3 takes into account the effect that the shear stiffness 

G12 can reduce less than the matrix stiffness E2. With Fm indicating matrix failure, the 

incremental contribution to r4 is calculated as: 

∆r4 = −(1 − a3)(1 − e1−Fm) (50) 

 

The reduction of E33 due to fiber and matrix failure is governed by a4. For Ff 

indicating a fiber failure and Fm a matrix failure, the change in r3 is given by: 
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∆r3 = −(1 − a4)(1 − e1−Ff) − a4(1 − e1−Fm) (51) 

 

The factor a5 controls the reduction of the shear stiffness due to fiber failure. For 

Ff and Fm, the change in r4 is given by: 

∆r4 = −(1 − a5)(1 − e1−Fm) − a5(1 − e1−Ff) (52) 

  

In the numerical analyses, the models with and without embedded sensors were 

analyzed using the three failure criteria described in section 5.5.2. The numerical results 

extracted include load versus displacement graphs with varying modulus controlling 

parameters and through-thickness shear strain and stress distributions.  
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CHAPTER 6 

RESULTS 

In this chapter, the results from the experimental and numerical study are 

discussed. Unidirectional T650/ 5320-1 specimens with and without embedded cylindrical 

sensors were subjected to three-point bending test and their effect on the shear strength 

was studied. Two-dimensional plane stress finite element analyses were performed for 

each configuration to understand the shear behavior in the presence of embedded 

sensors. Experimentally generated surface strains (DIC) and numerically computed 

surface strains are compared for each configuration. Table 5 describes the location of 

sensor embedment for each configuration. 

Table 5: Sensor location for each configuration 

Configuration Location of Sensor Embedment 

Pristine No sensor embedded 

Mid-plane 
Sensor embedded between 23rd and 24th plies 

from the top surface 

1-ply above mid-plane 
Sensor embedded between 22nd and 23rd plies 

from the top surface 

2-ply above mid-plane 
Sensor embedded between 21st  and 22nd plies 

from the top surface 
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 Experimental Results 

The short beam shear specimens with and without embedded sensors were 

loaded for failure in three-point bending as per the ASTM Standard D2344. Table 6 

summarizes the average apparent interlaminar shear strength (ILSS) values obtained from 

the experiment. Based on the experimental results, there was no significant reduction in 

the shear strengths observed with the sensors embedded. One possible reason is the 

location of the sensor being embedded. Previous studies [31-34] have revealed that 

sections away from the loading and support locations have negligible effect from the 

loading and support interactions. Hence, maximum shear stress is expected at the neutral 

plane. This implies that the resistance  against shear delamination is high at these 

sections. Therefore the effect of a sensor embedded at this location had no influence on 

the failure load of a specimen. Studies, using elasticity solutions or finite element 

simulations have all demonstrated the inadequacies of the close-form approximation. 

Figure 28 summarizes the ILSS results for all the specimens tested. The summary of the 

ILSS for all the specimens are found in Appendix A. 

Table 6: Average short-beam shear strengths for each configuration 

Specimen ID 
Sensor 

Location 
Average ILSS (ksi) Failure mode 

K-UD-SBS-NS-XX No sensor 14.23 Interlaminar shear 

K-UD-SBS-C-XX mid-plane 14.36 Interlaminar shear 

K-UD-SBS-B-XX 1-ply 14.31 Interlaminar shear 

K-UD-SBS-A-XX 2-ply 14.43 Interlaminar shear 
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Figure 28: Comparisons of ILSS results of specimens 
 

Digital image correlation technique was used to measure through-thickness 

shear strains at various load levels. Shear strains were extracted along the section, mid-

way between the loading and support locations, for all configurations. Figures 29 to 32 

summarize the shear strain comparisons for each configuration at 1000 lbf, 1600 lbf, 2100 

lbf and right before failure load levels. The comparisons revealed that the shear strains 

were always high for configuration B compared to other configurations, until right before 

failure. Also, the shear strains were significantly high at the top and bottom surfaces for 

all configurations. This was due to the inability of getting a good speckle pattern near the 

surfaces and thus not being able to capture them accurately. Averaging and filtering the 

DIC data may have influenced the readings. The load versus displacement curves and 

the images of failed specimens are found in Appendix A.  
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Figure 29: Comparisons of shear strains at 1000 lbf 
  

 
 

Figure 30: Comparisons of shear strains at 1600 lbf 
 



 
 

63 
 

 
 

Figure 31: Comparisons of shear strains at 2100 lbf 
 

 
 

Figure 32: Comparisons of shear strains right before failure 
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Figure 33 illustrates the corresponding strain contour plots. The vertical line in 

each contour plot indicates the location of the sensor and where the shear strains plotted 

in figures 29 to 32 were extracted. From the strain results, it was observed that the effect 

of the sensor on the strain distribution was minimal. There was no severe strain reduction 

or raise seen between 0.10 to 0.15 inches distance from the top surface, where the 

sensors were located for each configuration. The shear strain contour plots taken right 

before failure for all the specimen configurations are found in Appendix A.  
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1000 lbf 1600 lbf  2100 lbf  Right before 
failure  

 

No Sensor  
 

1000 lbf  1600 lbf  2100 lbf  Right before 
failure  

Mid-plane 
 

 

1000 lbf 1600 lbf 2100 lbf Right before 
failure 

 

1-Ply Above 
 

1000 lbf  1600 lbf  2100 lbf  Right before 
failure  

2-Ply Above  
 

Figure 33: Comparisons of shear strains at various load levels 
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 Numerical Results 

A numerical analysis of a short-beam shear specimen under a static loading 

condition was performed to study the shear strain distribution in the presence of an 

embedded sensor tube in its structure and explain the experimental results discussed in 

section 5.1. A two-dimensional plane stress finite element model was developed using 

MSC Marc software to validate the experimentally-measured shear strains for each 

sensor configuration. The material failure in each layer was initiated using a mesh split 

followed by a progressive failure analysis. A mesh split was triggered if the interface 

tractions fulfilled the delamination criterion. In progressive failure, the element stiffness 

was degraded if failure occurs. The failure index calculations were performed by the three 

failure criteria proposed in this study (Tsai-Wu, Maximum Stress and Hashin-Tape). 

Nodes right above and below the sensor were selected for the shear strain plots. 

Also, time history plots were generated to obtain analytical load versus displacement 

curves for each configuration. Section 5.2.1 presents the results of the effect of various 

modulus controlling parameters on the numerical load versus displacement curves for 

each of the configurations with the three failure criteria. Section 5.2.2 presents the 

numerical results for the shear strain distributions. Section 5.2.3 discusses modeling 

limitations of the study.  

6.2.1 Modulus Controlling Parameters 

In this study, the effect of various modulus controlling parameters on the 

numerical load versus displacement curve for each of the configurations with the three 

failure criteria (Tsai-Wu, Maximum Stress, Hashin-Tape) were investigated. The objective 
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of this case study was to find the best fit load versus displacement curve that corresponds 

with the experimental load versus displacement curve.  

For the Tsai-Wu failure criteria, which has only one failure index, all moduli are 

decreased in the same way. For the Maximum Stress criteria, separate failure indices are 

calculated based on different failure modes and the modulus associated with these failure 

modes are reduced separately. However, for both Tsai-Wu and Maximum Stress criteria, 

the total moduli reductions for the entire analysis are controlled by the residual stiffness 

factor ‘a1’. For Hashin-Tape failure criteria, which distinguish between fiber and matrix 

failure, there is a more complex coupling between the failure modes. Therefore, the 

reductions of the moduli are governed by the five parameters: residual stiffness factor 

(a1), matrix compression factor (a2), shear stiffness factor (a3), E33 reduction from fiber 

failure (a4), and shear reduction from fiber failure (a5).  

 Model Specimen with No sensor 

 
Figure 34 illustrates the numerical load versus displacement curves obtained 

using various a1 values with the Tsai-Wu failure criteria for the model with no sensor 

embedded. The results indicated that the stiffness of the numerical model increased with 

increasing ‘a1’. It was observed that the numerical load versus displacement curve with a1 

equal to 0.2 very well corresponded with the experimental curve.  
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Figure 34: Effects of various a1 on the load vs. displacement plots for the model with no 
sensor embedded using Tsai-Wu failure criteria 

 

Figure 35 (a) illustrates the numerical load versus displacement curve with a1 

equal to 0.2 showing the failure initiation (A) and total failure points (B). Figure 35 (b) 

illustrates the shear stress contour plots of the specimen corresponding to these failure 

points. Figure 36 illustrates the failure modes of a tested specimen with no sensor 

embedded. Based on the contour plots, failure initiation and total failure occurred at or 

about the mid-plane and the mode of failure was ‘delamination’. However, the tested 

specimens showed multiple delaminations at or about the mid-plane and halfway between 

the mid-plane and specimen surface. The shear stress contour plots showing total failure 

with a1 equal to 0.3, 0.5 and 0.8 are found in Appendix B. 
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(a) 

 A 

B 

 
(b) 

Figure 35: (a) Load vs displacement curve for a1=0.2 showing failure initiation (A) and 
total failure (B) points (b) Shear stress contour plots of specimen at points A and B 
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Figure 36: Failure modes of tested specimens with no sensor embedded 
 

 
Figure 37 illustrates the numerical load versus displacement curves obtained 

using various a1 values with the Maximum Stress failure criteria for the model with no 

sensor embedded. The results indicated that the stiffness of the numerical model 

increased with increasing ‘a1’. It was observed that the numerical load versus 

displacement curve with a1 equal to 0.1 very well corresponded with the experimental 

curve.  
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Figure 37: Effects of various a1 on the load vs. displacement plots for the model with no 
sensor embedded using Maximum Stress criteria 

 

Figure 38 (a) illustrates the numerical load versus displacement curve with a1 

equal to 0.1 showing the failure initiation (A) and total failure points (B).  Figure 38 (b) 

illustrates the shear stress contour plots of the specimen corresponding to these failure 

points. Based on the contour plots, failure initiation was noticed at or about the mid-plane. 

However, no delaminations were observed similar to the tested specimens illustrated in 

Figure 36. The shear stress contour plots showing total failure with a1 equal to 0.2, 0.3 

and 0.5 are found in Appendix B. 
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(a) 

 A 

 
B 

 
(b) 

Figure 38: (a) Load vs displacement curve for a1=0.1 showing failure initiation (A) and 
total failure (B) points (b) Shear stress contour plots of specimen at points A and B 
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For Hashin-Tape failure criteria, the moduli controlling parameters were varied 

according to Table 7 listed below. Figure 39 illustrates the numerical load versus 

displacement curves obtained with varying parameters for the model with no sensor 

embedded. The numerical load versus displacement curve was a close match with the 

experimental curve when Case 4 was applied. In this case, ‘a2’ was selected such that 

the matrix stiffness, E22, only reduced by 30% due to failure in matrix compression. Also, 

‘a3’ was selected such that the shear stiffness, G12, only reduced by 10%. In all cases, ‘a1’ 

was maintained at 0.2. 

 
 

Figure 39: Effects of various modulus controlling parameters on the load vs. 
displacement plots for the model with no sensor embedded using Hashin-Tape criteria 
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Table 7: Moduli controlling parameters for Hashin-Tape failure criteria 

 a1 a2 a3 a4 a5 

Case 1 0.2 1 0.9 1 1 

Case 2 0.2 0.5 0.9 1 1 

Case 3 0.2 0.5 0 1 1 

Case 4 0.2 0.7 0.9 1 1 

Case 5 0.2 0.7 0 1 1 

 

Figure 40 (a) illustrates the numerical load versus displacement curve for Case 4 

showing the failure initiation (A) and total failure points (B). Figure 40 (b) illustrates the 

shear stress contour plots of the specimen corresponding to these failure points. Based 

on the contour plots, failure initiation and total failure occurred at or about the mid-plane 

and the mode of failure was ‘delamination’.  However, no multiple delaminations were 

observed similar to the tested specimens illustrated in Figure 36. The shear stress contour 

plots showing total failure for Cases 1, 3 and 5 are found in Appendix B. 
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(a) 

 
A 

 

B 

 
(b) 

Figure 40: (a) Load vs displacement curve for case 4 showing failure initiation (A) and 
total failure (B) points (b) Shear stress contour plots of specimen at points A and B 
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 Model Specimen with Sensor at the Mid-plane 

Figure 41 illustrates the numerical load versus displacement curves obtained 

using a1 equal to 0.2 and 0.3 with the Tsai-Wu failure criteria for the model with sensor 

embedded at the mid-plane. The results indicated that the numerical load versus 

displacement curve coincided with the experimental curve until the failure load when ‘a1’ 

equal to 0.3 was applied, however the failure load was 18.2% below the experimental 

failure load.  

 
 

Figure 41: Effects of various a1 on the load vs. displacement plots for the sensor 
embedded at the mid-plane with Tsai-Wu failure criteria 
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Figure 42 illustrates the numerical load versus displacement curve with a1 equal 

to 0.3 showing the failure initiation (A) and delamination failure points (B). Figure 43 

illustrates the shear stress contour plots of the specimen corresponding to these failure 

points. Based on the contour plots, failure initiation occurred around, where the sensor 

tube was embedded. Total failure occurred due to interface separation between resin 

pocket and specimen followed by delamination. Figure 44 illustrates the interface failure 

between resin pocket and specimen. 

 
 

Figure 42: (a) Load vs displacement curve for a1=0.3 showing failure initiation (A) and 
delamination failure (B) points  
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Figure 43: Shear stress contour plots of specimen at points A and B for sensor at mid-plane 

 

 

Figure 44: Shear stress contour plot at point B showing interface failure between resin pocket 
and specimen 
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Figure 45 illustrates the failure modes of a tested specimen with sensor tube 

embedded at the mid-plane. The tested specimen showed the interface failure between 

resin pocket and specimen similar to the FEA model. However, multiple delaminations 

were observed above and below the sensor location in the tested specimen. 

 

 
Figure 45: Failure modes of a tested specimen with a sensor embedded at the mid-plane 

 

For the case of Maximum Stress criteria,  ‘a1’ equal to 0.2 was a better choice, 

since the failure load was only 8.3% below the experimental load. Figure 46 illustrates the 

numerical load versus displacement curves obtained using a1 equal to 0.2 and 0.3 for the 

model with sensor embedded at the mid-plane. The shear stress contour plot of the 

specimen at total failure for a1 equal to 0.2 are found in Appendix B. 

 



 
 

80 
 

 
 

Figure 46: Effects of various a1 on the load vs. displacement plots for the sensor 
embedded at the mid-plane with Maximum Stress failure criteria 

 

For the Hashin-Tape failure criteria, Case 4 was a better selection due to the fact 

that the numerical failure load was only 10.1% below the experimental load. The model 

failed 26.7% below the experimental failure load when Case 2 was applied. Figure 47 

illustrates the numerical load versus displacement curves obtained with Case 2 and Case 

4 for the model with sensor embedded at the mid-plane. The shear stress contour plot of 

the specimen at total failure with Case 4 are found in Appendix B. 

 

 

 

 



 
 

81 
 

 
 

Figure 47: Effects of various a1 on the load vs. displacement plots for the sensor 
embedded at the mid-plane with Hashin-Tape failure criteria 
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 Model Specimen with Sensor 1-Ply above Mid-plane 

 
Figure 48 illustrates the load versus displacement curves obtained using a1 equal 

to 0.2 and 0.3 with the Tsai-Wu failure criteria for the model with sensor embedded 1-ply 

above mid-plane. The results indicated that the numerical load versus displacement curve 

coincided with the experimental curve until the failure load when ‘a1’ equal to 0.3 was 

applied, however the model’s failure load was 24.4% less than the experimental load.  

 

 
 

Figure 48: Effects of various a1 on the load vs. displacement plots for the sensor 1-ply 
above mid-plane with Tsai-Wu failure criteria 

 

Figure 49 illustrates the numerical load versus displacement curve with a1 equal 

to 0.3 showing the failure initiation (A) and delamination failure points (B). Figure 50 

illustrates the shear stress contour plots of the specimen corresponding to these failure 

points. Based on the contour plots, failure initiation occurred around, where the sensor 

tube was embedded. Total failure occurred due to interface separation between resin 
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pocket and specimen followed by delamination. Figure 51 illustrates the interface failure 

between resin pocket and specimen. 

 
 

Figure 49: (a) Load vs displacement curve for a1=0.3 showing failure initiation (A) and 
delamination failure (B) points  
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Figure 50: Shear stress contour plots of specimen at points A and B for sensor 1-ply above 
mid-plane 

 

 

Figure 51: Shear stress contour plot at point B showing interface failure between resin pocket 
and specimen 
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Figure 52 illustrates the failure modes of a tested specimen with sensor tube 

embedded 1-ply above the mid-plane. The tested specimen showed multiple 

delaminations above and below the sensor location but no interface failure between resin 

pocket and specimen were observed similar to the FEA model.  

 

Figure 52: Failure modes of a tested specimen with a sensor embedded 1-ply above the mid-
plane 

 

For the case of Maximum Stress criteria,  ‘a1’ equal to 0.2 was a better choice 

since failure load was only 10.8% below the experimental load. Figure 53 illustrates the 

numerical load versus displacement curves obtained using a1 equal to 0.2 and 0.3 for the 

model with sensor embedded 1-ply above the mid-plane. The shear stress contour plot 

of the specimen at total failure for a1 equal to 0.2 are found in Appendix B. 
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Figure 53: Effects of various a1 on the load vs. displacement plots for the sensor 1-ply 
above mid-plane with Maximum Stress Criteria 

 

For the Hashin-Tape failure criteria, Case 4 was a better selection due to the fact 

that the failure load was only 11.6% below the experimental load. The model failed 21.6% 

below the experimental load when Case 2 was applied. Figure 54 illustrates the numerical 

load versus displacement curves obtained with Case 2 and 4 for the model with sensor 

embedded 1-ply above the mid-plane. The shear stress contour plot of the specimen at 

total failure with Case 4 are found in Appendix B. 
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Figure 54: Effects of various a1 on the load vs. displacement plots for the sensor 1-ply 
above mid-plane with Hashin-Tape failure criteria 
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 Model Specimen with Sensor 2-Ply above Mid-plane 

 
Figure 55 illustrates the load versus displacement curves obtained using a1 equal 

to 0.2 and 0.3 with the Tsai-Wu failure criteria for the model with sensor embedded 2-ply 

above mid-plane. The results indicated that the numerical load versus displacement 

curves coincided with the experimental curve until the failure load when ‘a1’ equal to 0.3 

was applied and the failure load was only 9.8% below the experimental failure load.  

 
 

Figure 55: Effects of various moduli controlling parameters on the load vs. displacement 
plots for the sensor 2-ply above mid-plane with Tsai-Wu failure criteria 

 

Figure 56 illustrates the numerical load versus displacement curve with a1 equal 

to 0.3 showing the failure initiation (A) and delamination failure points (B). Figure 57 

illustrates the shear stress contour plots of the specimen corresponding to these failure 

points. Based on the contour plots, failure initiation occurred around, where the sensor 

tube was embedded. Interface separation between resin pocket and specimen was 
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observed in the model but no delamination occurred. Figure 58 illustrates the interface 

failure between resin pocket and specimen. 

 
 

Figure 56: (a) Load vs displacement curve for a1=0.3 showing failure initiation (A) and 
delamination failure (B) points  
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Figure 57: Shear stress contour plots of specimen at points A and B for sensor 2-ply above 
mid-plane 

 

Figure 58: Shear stress contour plot at point B showing interface failure between resin pocket 
and specimen 



 
 

91 
 

Figure 59 illustrates the failure modes of a tested specimen with sensor tube 

embedded 2-ply above the mid-plane. The tested specimen showed the interface failure 

between resin pocket and specimen similar to the FEA model. However, multiple 

delaminations were observed above and below the sensor location in the tested 

specimen. 

 

Figure 59: Failure modes of a tested specimen with a sensor embedded 2-ply above the mid-
plane 

 

 

For the case of Maximum Stress criteria, ‘a1’ equal to 0.2 was a better choice 

since the failure load was only 7.6% below the experimental load. Figure 60 illustrates the 

numerical load versus displacement curves obtained using a1 equal to 0.2 and 0.3 for the 

model with sensor embedded 2-ply above the mid-plane. The shear stress contour plots 
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of the specimen at failure initiation and total failure for a1 equal to 0.2 are found in 

Appendix B. 

 
 

Figure 60: Effects of various moduli controlling parameters on the load vs. displacement 
plots for the sensor 2-ply above mid-plane with Maximum Stress criteria 

 

 

For the Hashin-Tape failure criteria, Case 4 was a better selection due to the fact 

the failure load was only 17.2% below the experimental failure load. The model failed at 

a load 24.1% below the experimental load when Case 2 was applied. Figure 61 illustrates 

the numerical load versus displacement curves obtained with Case 2 and 4 for the model 

with sensor embedded 2-ply above the mid-plane. The shear stress contour plots of the 

specimen at failure initiation and total failure with Case 4 are found in Appendix B. 
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Figure 61: Effects of various moduli controlling parameters on the load vs. displacement 
plots for the sensor 2-ply above mid-plane 
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6.2.2 Shear Strain Distributions-Experimental and Numerical Comparisons 

In this study, numerically-computed surface strains and experimentally-

generated surface strains were compared for each configuration. The objective of this 

study was to obtain a thorough understanding of the strain distributions at defect areas, 

which was not possible with experiments. In this case, the defect was an embedded 

cylindrical sensor tube. Shear strains were assessed experimentally using the DIC 

technique for various load levels. The DIC results may be affected by various parameters 

such as the facet size, speckle quality, camera resolution, defect area etc. The effects of 

these parameters are reflected in the experimental results when compared with the 

numerical results and will be explained in the following subsections. Two-dimensional 

plane stress models were simulated to match the experiments. The shear strains were 

generated for each of the failure criteria discussed previously.   

The experimental and numerical shear strains were extracted along the thickness 

of the specimen, where the sensor was located. The sensor was embedded, 

perpendicular to the laminate fibers and equidistant to where the loading and support 

roller were placed. For the case without sensor, the same location was selected for 

comparison purposes.  
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 Model Specimen with No Sensor 

Figure 63 summarizes the comparison between experimentally and numerically 

generated shear strain distributions at various load stages for specimen with no sensor 

embedded.  

 
Figure 62: Illustration of cross-section chosen for strain comparison in a specimen 

with no sensor 
 

 

The results indicate that the experimental strains agreed with the numerical 

strains up to a load stage of 1000 lbf. There upon, the results deviated with experimental 

strains always being higher than the numerical strains. The results also point out that the 

experimental strains were significantly high at the top and bottom surfaces compared to 

the numerical strains. This was due to the inability of getting a good speckle pattern near 

the surfaces and thus not being able to capture them accurately. Averaging and filtering 

the DIC data may have influenced the readings.  



 
 

96 
 

  

 

  

  

  
 

Figure 63: Shear strain comparisons at various load levels for a specimen with no 
sensor embedded 
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 Model Specimen with Sensor at the Mid-plane 

Figure 64 illustrates the cross-section selected for extracting the experimental 

and numerical strains for a specimen with sensor embedded at the mid-plane. Figure 65 

summarizes the comparison between experimentally and numerically generated shear 

strain distributions at various load stages for a specimen with sensor embedded at the 

mid-plane. 

 
 

Figure 64: Illustration of cross-section chosen for strain comparison in a specimen 
with sensor at the mid-plane 

 
According to the comparisons, the experimental and numerical strains were 

inconsistent from top to bottom surface for all load stages. The discrepancies between 

the comparisons is explained below: 
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1) The experimental strains were significantly high at the top and bottom surfaces. 

The technique’s inability to capture the speckles close to the surfaces accurately 

influenced the strain measurements.  

2) The DIC method was unable to capture any effects from the sensor. Since the 

sensor surface was covered with the paint pattern, the DIC software only analyzed 

the motion of the paint rather than the effect of the sensor. Therefore, the 

experimental strain plots were smooth and continuous at the mid-plane (between 

0.10-0.12 inches from top surface).  

3) The simulations showed some strain deviations due to the sensor being embedded 

at the mid-plane, which the DIC method failed to capture. The numerical strains 

transitioned from high to low strain values in the vicinity of the sensor. For each 

load stage, the strains increased up to the 19th ply (0.097 inches from top surface) 

and dropped low at the 23rd ply (0.108 inches from top surface), where the sensor 

is embedded. Similarly, the strains dropped low at the 24th ply (0.123 inches from 

top surface) and gradually increased at the 28th ply (0.135 inches from top surface).   
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Figure 65: Shear strain comparisons at various load levels for a specimen with sensor 
embedded at the mid-plane 
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 Model Specimen with Sensor 1-Ply above Mid-plane 

Figure 66 summarizes the comparison between experimentally and numerically 

generated shear strain distributions at various load stages for a specimen with sensor 

embedded 1-ply above the mid-plane. The strains were extracted from the same location 

similar to Figure 64. The trends in the comparisons were similar to the results from sensor 

embedded at the mid-plane, except: 

1) The numerical and experimental strains at some load stages overlapped each 

other apart from the sensor location. 

2) The comparisons were only done up to 1600 lbs. The numerical failure loads were 

around 1600 lbs. 

 Model Specimen with Sensor 2-Ply above Mid-plane 

Figure 67 summarizes the comparison between experimentally and numerically 

generated shear strain distributions at various load stages for a specimen with sensor 

embedded 2-ply above the mid-plane. The strains were extracted from the same location 

similar to Figure 64. The trends in the comparisons were similar to the results from sensor 

embedded at the mid-plane, except the numerical and experimental strains at some load 

stages overlapped each other apart from the sensor location. 
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Figure 66: Shear strain comparisons at various load levels for a specimen with sensor 
embedded 1-ply above mid-plane 
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Figure 67: Shear strain comparisons at various load levels for a specimen with sensor 
embedded 2-ply above mid-plane 
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 Effect of Sensor-Numerical Comparisons 

The effect of embedding a sensor at different ply levels (mid-plane, 1-ply above 

mid-plane and 2-ply above mid-plane) on the strain distributions, if any, at various load 

stages, was investigated. The strain distributions, obtained using the Hashin-Tape failure 

criteria, were compared at load stages 800 lbf, 1000 lbf, 1200 lbf and 1600 lbf.  

Figure 68 illustrates the numerical strain distributions at various load stages for 

sensor embedded at different ply levels. Based on the numerical comparisons, a sharp 

increase in the strains in the vicinity of the sensor was observed and this effect magnified 

with increasing load. This implies that the embedded sensor has an effect on the strain 

distribution and has a greater impact at higher load levels. Also, the 1st peak value of the 

2-ply configuration was measured to be 11% below the 1st peak value of the mid-plane 

configuration at 1600 lbs load stage. This implies that when the sensor is embedded 

further away from the mid-plane, the effect on the strain distribution is significantly 

reduced with increasing load level. The strain comparisons with Tsai-Wu and Maximum 

stress criteria are found in Appendix B. 
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Figure 68: Comparing numerical shear strain distributions at various load stages 
 

6.2.3 Shear Stress Distributions 

The stress state in an SBS specimen is complex. Stress concentrations exist at 

the loading nose, support locations and in the vicinity of an embedded sensor. In this 

study, shear stress distributions in an SBS specimen through various cross-sections were 

investigated. All the simulations were performed using the Hashin-Tape failure criteria 

(Case 4) and the shear stresses were compared at a load stage of 1000 lbs. 

Figure 69 schematically illustrates the various cross-sections chosen for 

obtaining the shear stress distributions for a specimen without sensor. Locations A is 

0.0625 inches away from the support location while location E is at the loading. Locations 

B, C and D were selected for comparisons with the other configurations. Locations B and 

D corresponded to the tips of the resin pocket induced by the sensor embedment. 

Location C corresponded to sensor location.  
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Figure 70 shows the variation of shear stresses along y-axis at the locations A, 

B, C, D and E for a specimen without sensor. As illustrated, the stress distributions were 

skewed near the loading and support locations (locations A and E). This revealed that the 

stress concentrations induced at the loading and support locations significantly affected 

the stress distributions. Nevertheless, in the section away from the loading and support 

locations, the shear stress distribution varied parabolically along y-axis (locations B, C, 

and D). This revealed that the stress state predicted by the classical beam theory was 

fully reached at locations B, C, and D. Previous finite element studies on investigating the 

stress state in a short beam configuration had ascertained the above findings. However, 

the effect of having a sensor being embedded at location C on its stress distribution has 

not yet being investigated. The results of these investigations are discussed below. 

 
 

Figure 69: Illustration of cross-sections chosen for obtaining shear stress distributions 
for specimen with no sensor 
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Figure 70: Shear stress distributions through various cross-sections of a specimen 
with no sensor 

 
 

Figure 71 schematically illustrates the various cross-sections chosen for 

obtaining the shear stress distributions for a specimen with sensor embedded at the mid-

plane. Location A is 0.0625 inches away from the support location while location E is at 

the loading. Location C, which has now an embedded sensor at the mid-plane, is 

equidistant to loading and support locations. Locations B and D coincide with the tip of 

the resin pocket.  

Figure 72 shows the variation of shear stress along y-axis at the locations A, B, 

C, D and E for a specimen with sensor embedded at the mid-plane. Similar to the pristine 

configuration, the stress distributions were skewed near the loading and support locations 

(locations A and E) as a result of the stress concentrations induced at the loading and 

support locations. A sharp rise in the stress occurred at the tips of the resin pocket 

(locations B and D) due to the stress concentrations induced at the tips. This stress 

concentration was the result of the geometric disturbance of the reinforcing fibers due to 
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the embedment of the sensor. The shear stress dropped above and below the sensor 

due to the fiber waviness caused by the sensor (location C). Based on the observations, 

it is evident that the stress state across the specimen is complex. In the presence of the 

sensor at the mid-plane, the shear stress profiles at sections away from the loading and 

support locations no longer agree with the classical beam theory.  

 
 

Figure 71: Illustration of cross-sections chosen for obtaining shear stress distributions 
for specimen with sensor at mid-plane 
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Figure 72: Shear stress distributions through various cross-sections of a specimen 
with sensor at mid-plane 

 

The same cross-sections from Figure 71 were selected for obtaining the shear 

stress distributions for the 1-and 2-ply  configurations. All locations were selected similar 

to the mid-plane configuration. Figure 73 and Figure 74 illustrate the variation of shear 

stress along y-axis at the locations A, B, C, D and E for a specimen with sensor embedded 

1-ply above the mid-plane. The stress distributions were similar to the mid-plane 

configuration.  
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Figure 73: Shear stress distributions through various cross-sections of a specimen 
with sensor 1-ply above mid-plane 

 

 
 

Figure 74: Shear stress distributions through various cross-sections of a specimen 
with sensor 2-ply above mid-plane 
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In order to investigate the effect of with and without an embedded sensor on the 

stress distributions, if any, at each location, the shear stress distributions were compared 

separately for each location. Along locations A and E, even though the shear stress 

distributions were skewed, there was no significant effect on the stress distributions due 

to the presence of the sensor (mid-plane, 1-ply and 2ply configurations). Along locations 

B and D, a sharp rise in the stress occurred at the tips of the resin pocket due to the 

geometrical disturbance of the sensor embedment. Figure 75 illustrates a shear stress 

contour plot showing high stress concentrations at the tips of the resin pocket (B and D). 

According to the section 6.2.1 results, the failure initiation occurred at locations 

corresponding to these stress peaks. 

 

 

 
Figure 75: Shear stress contour plot showing stress concentrations at locations B and 

D at a failure initiation point 
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Along location C, a sharp decrease in stress occurred above and below the 

sensor due to the fiber waviness caused by the sensor. It is therefore evident that in the 

vicinity of the sensor, the shear stress distributions (sections away from the loading and 

support locations) no longer agree with the classical beam theory. Figure 76 illustrates 

the stress distributions along various locations. 

  

 

  

 

   
 
 
 

 
Figure 76: Comparing shear stress distributions along various locations 
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6.2.4 Model Limitations 

The trivial reasons for the disagreements between the experimental and the 

numerical results were discussed in the previous sections. However, the major cause for 

the discrepancy between the results was due to a modeling limitation. For the numerical 

simulations, MSC Marc assumes the material to be linear elastic up to the point of failure 

during progressive failure analysis. However, the shear response of unidirectional 

composites is matrix dependent and nonlinear in nature, which is clearly observed in the 

experimental results. Figure 77 shows the comparisons of shear strains, extracted at the 

mid-plane equidistant to load and support, versus the load levels for both experimental 

and numerical. The nonlinearity in the experimental results is observed beyond 1000 lbf, 

which is not in the case with the numerical results. Therefore, the experimental and 

numerical strains do not match beyond this point. 

 
 

Figure 77: Comparing shear stress distributions along various locations 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 Summary and Conclusions 

The present research addressed the following study: most of the literature related 

to fiber-reinforced composites with integrated self-sensing ability focused on the effects 

of the embedded sensors on the structural integrity due to their presence. The integrated 

sensors used up-to-date include embedded chip resistors, PVDF, and FOS. Also, studies 

have been conducted on embedded cylindrical temperature sensors for their compatibility 

with fiber-reinforced composites. However, the research performed does not investigate 

the shear response of a composite laminate due to the presence of the sensor despite 

the fact that interlaminar shear failure being one of the critical failure modes of laminated 

composites. Hence, the objective of this work was to investigate the shear behavior of 

unidirectional fiber-reinforced composites embedded with cylindrical sensors. The main 

conclusions drawn from this investigation are described below. 

1. The experimental work revealed that the embedded cylindrical sensor had 

no significant effect on the interlaminar shear strength. 

The short beam shear specimens made from unidirectional T650/ 5320-1 material 

were loaded to failure in three-point bending as per the ASTM Standard D2344. 

The specimens were categorized into four groups: pristine (no sensor), 

configuration C (sensor embedded at the mid-plane), configuration B (sensor 

embedded 1-ply above mid-plane), and configuration A (sensor embedded 2-ply 

above mid-plane). The equation based on the classical beam theory was used to 

interpret the experimental results. It was observed that the difference between the 
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average apparent interlaminar shear strength values of the specimens with and 

without embedded sensors were less than 2% concluding that the embedded 

cylindrical sensor has no influence on the shear strength of the material.  

2. The experimental and numerical shear strains disagree beyond the linear 

elastic portion up to the point of failure.  

The DIC technique was used to assess the strains experimentally and two-

dimensional plane stress models were developed to match the experimental 

setups. The experimental and numerical shear strains were extracted along the 

thickness of the specimen, where the sensor was located. The sensor was 

embedded, perpendicular to the laminate fibers and equidistant to where the load 

and support rollers were placed. Based on the comparisons, for all configurations, 

the experimental and numerical shear strains agreed only up to a load level of 

1000 lbf. 

3. The stress concentrations induced in the vicinity of the embedded sensor 

significantly affected the stress distributions across the thickness of the 

specimen. 

The shear stress distributions in an SBS specimen through various cross-sections 

were investigated. All the simulations were performed using the Hashin-Tape 

failure criteria and the shear stresses were compared at a load stage of 1000 lbs. 

For the configurations with embedded sensor, the stress state was complex in the 

vicinity of the sensor. A sharp rise in the stress occurred at the tips of the resin 

pocket due to the stress concentration induced at the tips. This stress 

concentration was the result of the geometric disturbance of the reinforcing fibers 
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due to the embedment of the sensor. Also, the shear stress dropped above and 

below the sensor due to the fiber waviness caused by the sensor. The results 

revealed that  the cylindrical inclusion affected the shear stress profiles at sections 

away from the loading and support locations. 

Overall, the finite element studies revealed the development of stress concentrations at 

the vicinity of the sensor tube and at the tip of the resin pocket, which were the primary 

initiators of failure. However, these stress concentrations had no effect on the overall 

strength of the specimen, which is the apparent ILSS.  
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 Future Work 

The following improvements are recommended for the numerical models and the 

experimental techniques: 

1. Modifications to the progressive failure analysis to account shear nonlinearity 

beyond the point of damage. At present, MSC Marc assumes the material to 

be linear elastic up to the point of failure. 

2. Application of thermal loading for the analytical models. Residual stresses 

developed in the specimens during cure contributes to the mechanical 

stresses which is not accounted in the analytical models. A thermal loading 

cycle can be applied on the numerical models to mimic the formation of 

residual stresses. 

3. Analytical investigation of various sensor tube material to study the effect on 

the stress concentrations developed around the sensor tube.  
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APPENDIX A 

EXPERIMENTAL RESULTS 

Figure A1 through Figure A4 illustrate the through-thickness microscopic image of test 

specimens. 

  
Figure A1: Specimen with no sensor Figure A2: Specimen with sensor located 

at mid-plane 
 

 
  

Figure A3: Specimen with sensor located 
1-ply above mid-plane 

Figure A4: Specimen with sensor located 
2-ply above mid-plane 
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The summary of the test results for all configurations are presented below in Table A1. 

Table A1: Short beam shear test summary 

Specimen No. 
Sensor 

Placement 

Average 
Thickness 

(in) 

Average 
Width 

(in) 

Failure 
Load (lbf) 

Interlaminar 
Shear Strength 

(ksi) 

K-UD-SBS-NS-1 No sensor 0.2323 0.5010 2191.53 14.12 

K-UD-SBS-NS-2 No sensor 0.2337 0.5017 2256.47 14.43 

K-UD-SBS-NS-3 No sensor 0.2380 0.5010 2258.59 14.21 

K-UD-SBS-NS-5 No sensor 0.2387 0.5010 2256.47 14.15 

K-UD-SBS-NS-6 No sensor 0.2397 0.5010 2284.70 14.27 

K-UD-SBS-NS-7 No sensor 0.2400 0.5010 2279.21 14.22 

K-UD-SBS-C-1 mid-plane 0.2400 0.5013 2291.49 14.28 

K-UD-SBS-C-2 mid-plane 0.2407 0.5017 2315.33 14.38 

K-UD-SBS-C-3 mid-plane 0.2397 0.5010 2312.73 14.45 

K-UD-SBS-C-4 mid-plane 0.2397 0.5010 2298.83 14.36 

K-UD-SBS-C-7 mid-plane 0.2397 0.5020 2302.92 14.35 

K-UD-SBS-B-2 1-ply 0.2380 0.5010 2286.41 14.38 

K-UD-SBS-B-3 1-ply 0.2380 0.5010 2251.55 14.16 

K-UD-SBS-B-4 1-ply 0.2383 0.5010 2265.31 14.23 

K-UD-SBS-B-5 1-ply 0.2383 0.5010 2294.61 14.41 

K-UD-SBS-B-6 1-ply 0.2390 0.5010 2290.93 14.35 

K-UD-SBS-A-2 2-ply 0.2340 0.5003 2221.54 14.23 

K-UD-SBS-A-3 2-ply 0.2343 0.5017 2249.05 14.35 

K-UD-SBS-A-5 2-ply 0.2333 0.5007 2284.53 14.67 

K-UD-SBS-A-6 2-ply 0.2347 0.5017 2261.16 14.40 

K-UD-SBS-A-7 2-ply 0.2347 0.5010 2272.51 14.49 
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Figure A5 through Figure A8 illustrate the load versus displacement curves of each 

specimen and configuration. 

 
 

Figure A5: Load versus displacement curves for specimens without sensor 
 

 
 

Figure A6: Load versus displacement curves for specimens with sensor 
embedded at mid-plane 
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Figure A7: Load versus displacement curves for specimens with sensor embedded 1-
ply above mid-plane 

 

 
 

Figure A8: Load versus displacement curves for specimens with sensor embedded 2-
ply above mid-plane 
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Figure A9 through Figure A12 illustrate the images of failed specimens. 

 

 
Figure A9: Failure modes of specimens without sensor embedded: (top) specimen 

side without speckle paint (bottom) specimen side with speckle paint 
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Figure A10: Failure modes of specimens with sensor embedded at mid-plane: (top) 

specimen side without speckle paint (bottom) specimen side with speckle paint 
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Figure A11: Failure modes of specimens with sensor 1-ply above mid-plane: (top) 

specimen side without speckle paint (bottom) specimen side with speckle paint 
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Figure A12: Failure modes of specimens without sensor 2-ply above mid-plane: (top) 

specimen side without speckle paint (bottom) specimen side with speckle paint 
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Figure A13 through A16 illustrate shear strain distributions based on DIC measurements 

taken right before failure. 

 

 
K-UD-SBS-NS-1 

 

 

 
K-UD-SBS-NS-2 

 

 

 
K-UD-SBS-NS-3 

 

 

 
K-UD-SBS-NS-5* 

 

 
K-UD-SBS-NS-6 

 

 

 
K-UD-SBS-NS-7 

 

Figure A13: Comparison of shear strain contour plots right before failure for 
specimens with no sensor   * left side view 
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K-UD-SBS-C-1* 

 

 

 
K-UD-SBS-C-2 

 

 

 
K-UD-SBS-C-3 

 

 

 
K-UD-SBS-C-4 

 

 
K-UD-SBS-C-7 

 

  
 

 

Figure A14: Comparison of shear strain contour plots right before failure for 
specimens with sensor embedded at mid-plane   * left side view 
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K-UD-SBS-B-2 

 

 

 
K-UD-SBS-B-3 

 

 

 
K-UD-SBS-B-4* 

 

 

 
K-UD-SBS-B-5 

 

 
K-UD-SBS-B-6 

 

  
 

Figure A15: Comparison of shear strain contour plots right before failure for 
specimens with sensor 1-ply above mid-plane   * left side view 
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K-UD-SBS-A-2* 

 

 

 
K-UD-SBS-A-3 

 

 

 
K-UD-SBS-A-5 

 

 

 
K-UD-SBS-A-6 

 

 
K-UD-SBS-A-7 

 

  
 

Figure A16: Comparison of shear strain contour plots right before failure for 
specimens with sensor 2-ply above mid-plane   * left side view 
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Figure A17 illustrates the stress-strain curves for measuring the shear modulus G13.  

  

  

  

 

Figure A17: Shear stress-strain curves for pristine specimens up to a load of 800 lbf 
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APPENDIX B 

FINITE ELEMENT ANALYSIS RESULTS-SHEAR STRESS CONTOUR PLOTS 

 

 

 
Figure B1: Total failure of specimen with no sensor embedded for a1=0.3 with Tsai Wu failure criteria 
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Figure B2: Total failure of specimen with no sensor embedded for a1=0.5 with Tsai Wu failure criteria 
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Figure B3: Total failure of specimen with no sensor embedded for a1=0.8 with Tsai Wu failure criteria 

 

 

 

 

 



 

140 
 

 

 

 
Figure B4: Total failure of specimen with no sensor embedded for a1=0.2 with Maximum Stress criteria 
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Figure B5: Total failure of specimen with no sensor embedded for a1=0.3 with Maximum Stress criteria 
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Figure B6: Total failure of specimen with no sensor embedded for a1=0.5 with Maximum Stress criteria 
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Figure B7: Total failure of specimen with no sensor embedded for Case 1 with Hashin-Tape failure criteria 
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Figure B8: Total failure of specimen with no sensor embedded for Case 3 with Hashin-Tape failure criteria 
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Figure B9: Total failure of specimen with no sensor embedded for Case 5 with Hashin-Tape criteria 
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Figure B10: Total failure of specimen with sensor embedded at mid-plane for a1=0.2 with Maximum Stress criteria 
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Figure B11: Total failure of specimen with sensor embedded at mid-plane for Case 4 with Hashin-Tape failure criteria 
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Figure B12: Total failure of specimen with sensor embedded 1-ply above mid-plane for a1=0.2 with Maximum Stress 

criteria 
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Figure B13: Total failure of specimen with sensor embedded 1-ply above mid-plane for Case 4 with Hashin-Tape failure 

criteria 
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Figure B14: Total failure of specimen with sensor embedded 2-ply above mid-plane for a1=0.2 with Maximum Stress 

criteria 
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Figure B15: Total failure of specimen with sensor embedded 2-ply above mid-plane for Case 4 with Hashin-Tape failure 

criteria 
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FINITE ELEMENT ANALYSIS RESULTS-SHEAR STRAIN DISTRIBUTIONS 

 

  

 

  
 

Figure B16: Shear strain distributions at various load stages obtained using Tsai-Wu 
failure criteria 
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Figure B17: Shear strain distributions at various load stages obtained using Maximum 
Stress failure criteria 

 

 

 

 


