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Failure analysis has gradually become the crucial method in investigating engineering com‐
ponents or machine failures. The costs of repair and operation breakdowns make an alarm‐
ing sign for designers, engineers and manufactures on whether or not to keep the existing
machines, worthwhile of repairing, or the machines or components need to be redesigned.

This book covers recent advancement methods used in analysing the root of engineering
failures and the proactive suggestion for future failure prevention. The techniques used, es‐
pecially non-destructive testing such X-ray, is well described. The failure analysis covers
materials for metal and composites for various applications in mechanical, civil and electri‐
cal applications. The modes of failures that are well explained include fracture, fatigue, cor‐
rosion and high-temperature failure mechanisms. The administrative part of failures is also
presented in the chapter of failure rate analysis.

The book will bring you on a tour on how to apply mechanical, electrical and civil engi‐
neering fundamental concepts and to understand the prediction of root cause of failures.
The topics explained comprehensively the reliable test that one should perform in order to
investigate the cause of machines, component or material failures at the macroscopic and
microscopic level.

I hope the material presented in this book, is not too theoretical and you find the case study,
the analysis will assist you in tackling your own failure investigation case.

Last but not least, I would like to thank all authors who made their contribution and sup‐
port for this book to be realised.

Prof. Dr. Aidy Ali
Department of Mechanical Engineering, Faculty of Engineering,

National Defence University of Malaysia (UPNM),
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Abstract

This chapter deliberates on the systematic processes in failure investigation of engineer-
ing components and structures. The procedures are demonstrated in performing failure
analysis of a centrifugal pump shaft. The chemical, microstructural, and fractographic
analyses provide information on the material science aspects of the failure. The mechan-
ical design analyses establish the cause of failure based on the stress calculations using
the strength-of-materials approach. Fatigue analysis using the modified Goodman crite-
rion is employed with consideration of yielding, under the fluctuating load. It is con-
cluded that fatigue crack nucleated in the localized plastic zone at the threaded root
region and propagated to cause the premature fatigue failure of the rotor shaft.

Keywords: high-cycle fatigue, mean stress effect, modified Goodman criterion,
rotor shaft, stress analysis

1. Introduction

Pumps are commonly used to transport fluids such as water, sewage, petroleum, and petro-
chemical products. The pumps can be divided into two general categories, namely dynamic
pumps and displacement pumps. In a dynamic pump, such as a centrifugal pump, energy is
added to the pumping medium continuously and the medium is not contained in a set volume.
The energy, in a displacement pump such as a diaphragm pump, is added to the pumping
medium periodically while the medium is contained in a set volume. The pump is driven by a
prime mover that is either an engine or an electric motor. The capacity of a pump is defined
based on the pressure head (in meters) and the maximum delivery flow rate at a specific speed
of the shaft. The latter is related to the required power of the prime mover. Typical specifica-
tions of some pumps are shown in Table 1.

The main components of a centrifugal pump are the rotor assembly and the casing. The pump
rotor assembly comprises the shaft, impeller, sleeves, seals, bearings, and coupling halves, as
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illustrated in Figure 1. The spiral-shaped casing or volute surrounding the pump impeller
serves to collect the fluid discharged by the impeller. The impeller is a rotating set of vanes
designed to impart rotation to the mass of the pumping medium. The coupling halves connect
the rotor shaft to the output shaft of the motor.

During operation, the engine or the electric motor drives the pump rotor assembly. The
rotational kinetic energy is converted to the hydrodynamic energy of the fluid flow. The fluid
enters the pump axially through the eye of the casing and is caught in the impeller blades. The
fluid gains both velocity and pressure while being accelerated by the impeller. It is then
whirled tangentially and radially outward until it leaves through all circumferential parts of
the impeller into the diffuser part of the casing. The doughnut-shaped diffuser or scroll section
of the casing decelerates the flow and further increases the pressure.

The shaft of the rotor experiences both cyclic flexural load and torsional load during the
pumping operation. The start-and-stop cycles could also induce fluctuating stresses with high
mean stress level. In this respect, often, the classical high-cycle fatigue analysis is considered in

Parameter Pump A Pump B Pump C Pump D

Suction head (m) 33 24 30 32

Delivery volume (m3/h) 32 120 150 9

Motor power (kW) 7.5 15 37 2.2

Speed (rpm) 2900 1450 1450 2900

Table 1. Typical specifications of centrifugal pump systems for various applications.

Figure 1. Cut-out section of a centrifugal pump, illustrating the main components.

Failure Analysis and Prevention2

the safe design of the shaft. The stress analysis on the shaft accounts for the stress raisers due to
various design features including fillet, groove, keyway, and screw threads. The presence of
such design features, combined with the complex loading, calls for the computational assess-
ment on the reliability of the shaft employing the finite element analysis. In addition, the
design should also consider the rotor dynamics aspect (critical speed) of the shaft.

2. Failure and the failure analysis

Experience indicates that despite adhering to the available design procedures, premature
failure of the rotor shaft during operation of the centrifugal pump is still reported. The causes
of such failure could be classified based on (a) faulty design or misapplication of the materials,
(b) faulty processing or fabrication, and (c) the deterioration in service of the component. The
severe localized stress due to the design features, as mentioned earlier, could induce excessive
plastic deformation leading to the nucleation of fatigue cracks. Fatigue cracks could also
nucleate from inherent defects in the material such as nonmetallic inclusions and microvoids,
and from machining-induced surface irregularities. In-service deterioration is manifested in
the wear of the material, in the form of galling and stress corrosion cracking. The applied
fatigue loading continuously causes degradation of the modulus and strength properties of the
material. Additional factors that may contribute to early failure of the shaft include poor
maintenance of the pump assembly, and improper service and repair of the component.

Procedures Description For centrifugal rotor shaft

Description of the
failure situation

Background information and service history, records on
abnormal operation.

Frequency of start-and-stop
operations, details of repair works
done, component life.

Visual inspection Examine the failed component for obvious failure features. Location of fracture along the shaft,
beach lines as sign of fatigue failure.

Mechanical
design analysis

Determine if the part is of sufficient size and reliability/life. Fatigue analysis to demonstrate
“infinite life” of the shaft.

Chemical design
analysis

Establish the suitability of the material with respect to
corrosion resistance.

Determine the chemical composition
of the shaft material.

Metallographic
examination

To help establish such facts as whether the part has correct heat
treatment.

Identify heat treatment of the shaft
through the analysis of
microstructure and hardness
measures.

Determine
properties

Determine the properties of the material, pertinent to the
design.

Refer to the material data sheets for
the grade of the alloy.

Failure
simulation

Establish the response of the component under identical
loading and boundary conditions.

Finite element simulation of the
shaft to establish the stress field in
the failed region.

Report writing Written report detailing the results of the analysis and the
causes of failure. May include recommendations to prevent the
occurrence of similar failure situation.

To deliberate the rationale on the
causes of the premature failure of
the shaft.

Table 2. Steps in performing failure analysis of engineering components and structures.

Fatigue Failure Analysis of a Centrifugal Pump Shaft
http://dx.doi.org/10.5772/intechopen.70672
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Once the undesirable failure event occurred, assessment on the extent of damage to the
component and its impact to the overall integrity of the system is required. Failure analysis
on the failed component is performed to determine the root causes of the failure, thus appro-
priate steps could be implemented to prevent similar occurrence in the future. The process
flow of the failure analysis is summarized in Table 2.

This chapter describes the procedures and steps in performing failure analysis. A case study on
the failure of the rotor shaft of a centrifugal pump is used for illustration. Adequate discussion
on the relevant aspects of the analysis in each step is provided. The methodology presented in
this chapter could easily be employed and/or extended in performing failure analysis of
engineering components and structures.

3. Description of the failure situation

It was reported that the shaft of a centrifugal pump used to pump the blending of hydrocar-
bons to deliver the final oil product in a refinery has failed during operation. The failure
resulted in a fire of the pump and the piping works of the refinery within the unit, with an
estimated total loss of USD 48,000. During the last 12 h before the final fracture of the shaft, a
total of 12 start-and-stop operations of the centrifugal pump have been scheduled.

The centrifugal pump was installed and commissioned some 30 years ago. There have been
three major repairs of the pump involving leaking of the seal. A mechanical seal was installed
on the threaded portion of the shaft with a preload corresponding to 25–30% of the material
yield strength. However, no reported abnormality on the shaft was recorded.

A typical operation cycle of the centrifugal pump consists of a start-up and running of the
pump at a nominal rotor speed of 2975 rpm for 14 h, with a 2-h complete shut-down interval.
The pump operates between 5 and 7 days a week throughout the year.

Figure 2. Failure scenario of the centrifugal pump showing the fractured rotor shaft.

Failure Analysis and Prevention4

The overall view of the failed centrifugal pump is shown in Figure 2. The driving side of the
fractured rotor shaft has been removed, while the sleeve remained in place.

4. Visual inspection of the fractured shaft

The simplified geometry of the rotor shaft along with major dimensions is illustrated in
Figure 3. The drive end of the shaft is connected to the shaft of the motor using the coupler.
The distance between the bearing supports is 982 mm. The middle section of the stepped shaft
with the largest diameter of 65 mm carries the impeller that is positioned in place with a key.
The key way has the dimensions of 9 mm radius, length � width of 60 � 18 mm2, and the
depth of 9 mm. Both ends of this section are threaded with M65 � 1.5 threads to receive the
mechanical seals (only the critical threaded portion, located on the right side of the section, is
drawn). The shaft fractured at the section through the first thread on the drive side as illus-
trated in Figure 3. The fracture plane is oriented with its normal along the longitudinal axis (z-
axis) of the shaft.

A closer visual inspection of the fractured surface reveals the morphology as shown in Figure 4(a).
A greater portion of the surface was flattened and smeared off due possibly to the repeated
grinding against the fracture surface of the mating part while the motor runs after the complete

Figure 3. Simplified geometry of the rotor shaft indicating the fracture location.
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The key way has the dimensions of 9 mm radius, length � width of 60 � 18 mm2, and the
depth of 9 mm. Both ends of this section are threaded with M65 � 1.5 threads to receive the
mechanical seals (only the critical threaded portion, located on the right side of the section, is
drawn). The shaft fractured at the section through the first thread on the drive side as illus-
trated in Figure 3. The fracture plane is oriented with its normal along the longitudinal axis (z-
axis) of the shaft.

A closer visual inspection of the fractured surface reveals the morphology as shown in Figure 4(a).
A greater portion of the surface was flattened and smeared off due possibly to the repeated
grinding against the fracture surface of the mating part while the motor runs after the complete

Figure 3. Simplified geometry of the rotor shaft indicating the fracture location.
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fracture. Thus, details of the fracture feature could not be extracted easily from the fractograph.
However, traces of beach marks indicating fatigue failure are obvious.

It is worth noting that the fracture plane is oriented almost perpendicular to the longitudinal
plane of the shaft, as shown in Figure 4(b). Such orientation of the fatigue fracture plane is
indicative of the Mode-I (opening) crack propagation under the induced flexural fatigue loading.

5. Chemical design analysis

The chemical design analysis is performed to establish the conformance of the failed shaft
material to the manufacturer’s materials specification. The manufacturer’s record shows that the
failed rotor shaft was made of AISI 4140 HT steel. In this respect, the chemical composition of the
shaft material is determined using the Glow Discharge Spectrometer (GDS). The resulting chem-
ical composition (in wt. %) is summarized in Table 3, the remaining being Fe. Other elements
detected in the alloy are listed in Table A1 of the Appendix. The nominal range of the composi-
tion for each element of the AISI 4140 steel is also indicated for comparative purposes [1]. It is
noted that the failed Cr-Mo steel shaft contains slightly higher carbon content, within the range
for AISI 4150 steel. Copper is also detected in the failed shaft material.

Microstructures of the steel at two different magnifications are shown in Figure 5. The dark
and light phases represent tempered and untempered martensite, respectively, with acicular or
needlelike structures.

Figure 4. (a) Morphology of the fracture surface, indicating the fatigue beach lines, (b) orientation of the fracture plane
perpendicular to the longitudinal axis of the shaft.

Elem. C Mn Cr Mo Si Cu Fe

Cr-Mo steel shaft 0.502 0.722 1.08 0.228 0.187 0.23 Bal.

AISI 4140 0.38–0.43 0.75–1.00 0.80–1.10 0.15–0.25 0.15–0.30 – Bal.

AISI 4150 0.48–0.53 0.75–1.00 0.80–1.10 0.15–0.25 0.15–0.30 – Bal.

Table 3. Elemental composition of the Cr-Mo steel shaft (wt. %) and the reference steel.

Failure Analysis and Prevention6

Hardness measurements were taken on the failed sample of the steel shaft, at the location near
the fractured section. The mean of 20 Vickers hardness readings measured across the section of
the shaft is 327.4 HV with a standard deviation of 22.3 HV. The corresponding hardness
number on the Brinell and Rockwell C scale is 311 HB and 33 Rc, respectively. Based on the
observed microstructures and the hardness measures, it is concluded that the shaft material
was likely AISI 4150, oil-quenched, tempered at 595

�
C. However, the presence of Cu could

have improved the toughness of the alloy at the expense of lower tensile properties.

6. Mechanical design analysis

Mechanical design analysis is performed to examine the adequacy of the design against yield
and fatigue failure of the shaft material. The analyses consist of the stress calculations, partic-
ularly at the observed fractured section of the rotor shaft. The critical stress states are then
compared to the respective strengths of the shaft material to establish the possible causes of
failure. In this respect, the stress levels in the rotor shaft arising from three different load cases
are considered, as follows:

i. Stresses during the pumping operation at the rated load. Such stresses could lead to
high-cycle fatigue failure of the shaft. The fluctuating load consists of

• a steady torque of T = 834.7 N.m during the power transmission of 260 kW at
2975 rpm from the electric motor to the rotor shaft.

• the cyclic flexural stress induced by the mass of the shaft, assumed to be uniformly
distributed along the length of the shaft between the bearing supports (w = 0.12 N/mm).
The weight of the impeller generates a concentrated transverse force of 392.4 N.

ii. Stresses during the transient start-and-stop operation: The peak torque at each start-up
cycle is up to three times higher in magnitude than that during the nominal operating

Figure 5. Microstructures of the shaft material showing the matrix of martensite.
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speed. Such high torque is derived from the inertia effect of the rotor shaft and the
massive impeller.

iii. Additional stresses due to preloading of the lock nut for the mechanical seal: The threaded
region where fracture was observed was fitted with a locknut that holds the seal in place.
The preload contributes a relatively high mean stress to the existing alternating stress
component. In addition, the thread geometry inherits the stress concentration at the root
region.

The torsional load sequence experienced by the rotor assembly during a typical loading cycle
is illustrated in Figure 6. It consists of a short start-up process that exerts three times higher
peak torsional load than the nominal load level and a 14-h operation at the rated load. This is
followed by a complete shut-down for a 2-h interval. Based on the service record that the rotor
assembly was recently balanced, thus the contribution to the failure due to the potentially high
dynamic imbalance load is ruled out. The rotor assembly has been in service for 30 years and 3
months at the time of fracture. This corresponds to a total of 16,500 start-and-stop cycles
endured by the centrifugal pump system.

6.1. Material properties

The required set of mechanical properties of the Cr-Mo steel for use in the stress analysis is
obtained from published literature [2, 3]. The properties are based on data for AISI 4140, oil-
quenched and tempered at 650�C to 285HB. The tensile strength (SU) and yield strength (SY) of the
material is 758 and 655 MPa, respectively. The cyclic yield strength S0Y

� �
is estimated at 458 MPa.

The endurance limit (S0e) is reported to be 420 MPa at 107 cycles. Since the reported fatigue
limit is often established using smooth specimens, it should be corrected to account for the
surface condition at the fracture location and the large diameter of the rotor shaft relative to the
fatigue test specimens. The surface of the fractured threaded region was machine-finished, and
thus the fatigue limit-modifying factor, ka = 0.72 (refer to Figure A1a of the Appendix).
Consider the size effect based on the root diameter of the shaft with M65 � 1.5 threads, the
corresponding fatigue limit-modifying factor, kb = 0.795, as determined from Figure A1b of the
Appendix.

Figure 6. Torsional load sequence experienced by the failed rotor shaft.
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The corrected fatigue limit (Se) is then estimated as

Se ¼ kakbS0e ¼ 0:72ð Þ 0:795ð Þ 420ð Þ ¼ 240 MPa (1)

The thread root geometry induces the local stress gradient. Such stress concentration effect is
quantified using the fatigue stress concentration factor, Kf. It accounts for the sensitivity of the
notched geometry to fatigue stressing. It is defined as the ratio of the endurance limits of
notch-free specimens to notched specimens. In this analysis, Kf is treated as a factor that
increases the stress, instead of decreasing the fatigue limit of the material. Based on published
data for steel-threaded members with hardened and cut threads, the value of Kf is taken as 3.8
(see Table A2 of the Appendix).

6.2. Fatigue analysis of the shaft at the rated pumping load

Stress analysis is performed for the critical section of the shaft where fracture is observed.
Therefore, the calculations are based on theminor diameter of the threaded part for theM65� 1.5,
d = 63.16 mm [4]. The bending moment at the critical section is calculated to beMC = 102.5 kN.mm
and the corresponding nominal stress is 4.14 MPa. In a rotating shaft, this stress represents
the amplitude of the stress cycles. This stress amplitude is further amplified by the fatigue
stress concentration (Kf = 3.8) as discussed earlier, to give the operating local stress amplitude,
σa = 15.75MPa.

The constant shear stress magnitude of 16.87 MPa is amplified by the geometrical stress
concentration associated with the notch root of the thread with Kts = 2.0 (see Figure A2). This
results in the mean shear stress, τm = 33.74 MPa.

Since the magnitude of both the normal stress amplitude, σa, and the mean shear stress, τm,
are small relative to the corrected fatigue limit of the shaft material, Se, the failure of the rotor
shaft due to the rated nominal load is ruled out. In fact, this has been demonstrated by the
accumulated fatigue life of the rotor at more than 4 � 1010 cycles during the 30 years of
service.

6.3. Fatigue analysis due to start-and-stop operations

Duty cycles of the pump consist of the transient start-and-stop operations, as illustrated in
Figure 6. The start-up procedure exerts three times higher peak torque (3T = 2504 N.m) to the
shaft due to the inertia effect of the rotor assembly. This corresponds to a maximum
shear stress of 101.22 MPa. Thus, the transient start-and-stop cycles induce an alternating
shear stress, τxy , a = 50.61 MPa and a mean shear stress component, τxy,m = 50.61 MPa. The
bending stress amplitude arising from the dead weight of the shaft and impeller remains at
σa = 15.75 MPa.

An equivalent fluctuating load, in terms of normal stress components, for the combined
loading of fluctuating shear and normal stresses can be defined using the distortion energy
theory [5]. The mean, σ0m, and the amplitude, σ0a, of the von Mises stress are defined, respec-
tively, as
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σ0m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2x,m þ 3 τ2xy,m

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 50:612
� �q

¼ 87:7 MPa (2a)

σ0a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2x, a þ 3 τ2xy, a

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
15:752
� �þ 3 50:612

� �q
¼ 89:1 MPa (2b)

The possibility of fatigue failure due to the transient start-and-stop cycles could then be
examined using the modified Goodman failure criterion. Fatigue failure is likely to occur when
the criterion value reaches unity:

σ0a
Se

þ σ0m
SU

¼ 89:1
240

þ 87:7
758

¼ 0:49 (3)

The operating localized stress condition due to the start-and-stop cycles is shown as Point A on
the fatigue diagram, as illustrated in Figure 7.

Since the value of the modified Goodman criterion reaches only 0.49, the accumulated start-
and-stop cycle is unlikely to cause the observed fatigue failure. In addition, the rotor assembly
has only completed about 16,500 start-and-stop cycles prior to the fracture event.

It is then postulated that the localized stresses at the fractured section must have been higher
than that previously calculated. This could have been contributed by the tightening of the
mechanical seal unit. Such preloading of the sleeve for the mechanical seal induces a mean
normal stress component in addition to the existing alternating stress at the critical thread root
location. This postulate is examined in the next section.

Figure 7. Fatigue life diagram illustrating the modified Goodman failure line and the operating stress condition.
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6.4. Contribution of the preload to the local stresses in the threaded region

The tensile force resisted by the threaded shaft, Fb, from the tightening of the sleeve for the
mechanical seal can be expressed as the sum of initial tightening force, Fi, and the portion of
the externally applied force (bending), Fext, as [6]

Fb ¼ Fi þ kb
kb þ kc

Fext (4)

The term kb
kbþkc

represents the effective stiffness of the threaded shaft and the clamped sleeve of

the mechanical seal. The effective stiffness term is proportional to the “effective” shaft section

and the clamped area, C ¼ Ab
AbþAc

. The external force represents the induced bending by the

dead weight of the rotor assembly. The resisting normal stress in the threaded shaft, σb ¼ Fb
At
,

can then be expressed as

σb ¼ Ktσi þ Ab

Ab þ Ac
σbending (5)

This stress contributes to the mean normal stress component at the critical root region of
the threaded shaft. Taking the geometrical stress concentration factor for the cut thread,
Kt = 3.0, and estimating the effective threaded shaft section, C = 0.33, the mean stress,
σx ,m, is

σx,m ¼ σb ¼ 3:0ð Þσi þ 0:33ð Þ 15:75ð Þ (6)

The sensitivity of the initial tightening force (Fi = σiAt) on the resulting fatigue life is examined
using Eqs. (2a), (2b), (3), and (6). The allowable initial force is the magnitude to induce the
stress up to the proof strength of the shaft material, Sp = 0.9SY = 589.5 MPa. The simulated result
indicates that an initial preload of the threaded joint to 0.25SY would have resulted in an
equivalent von Mises fluctuating stresses with σ0m ¼ 499:1 MPa, while the alternating compo-
nent remains at σ0a ¼ 89:1 MPa. This stress condition is indicated by Point B as shown in
Figure 8. The corresponding modified Goodman criterion value of 1.03 suggests a fatigue
failure condition at 107 start-and-stop cycles. However, we recall that the accumulated start-
and-stop cycles at failure are about 16,500 cycles.

The fatigue strength of the shaft material corresponding to the observed finite life of
Nf = 16,500 cycles is estimated based on the Basquin equation to be SNf = 499 MPa. Since this
fatigue strength is greater than the cyclic yield stress of the material, the observed failure is
likely governed by localized plasticity. This stress condition is represented by Point C in
Figure 8.

It is concluded that fatigue crack nucleated in the localized plastic zone at the threaded root
region of the shaft. The relatively high mean stress component is induced by the preloading of
the threaded sleeve. Under continuous fatigue loading, the crack traverses the shaft cross
section leading to premature fatigue failure of the rotor shaft.
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7. Concluding remarks

Numerous machine components, including the rotor shaft of a centrifugal pump, are load-
bearing structures. Since the shaft experiences fluctuating load, fatigue is a common source of
the failure. Evidence of fatigue failure is often traceable to the visible beach lines on the
fractured surface. However, the cause of failure must be demonstrated through the
mechanics-of-deformation analysis involving stress calculations. Unfortunately, the much-
needed set of mechanical properties of the material for accurate analysis is often unavailable,
thus intelligent estimation is inevitable.

The classical fatigue analysis, as demonstrated in this chapter, is based on constant-
amplitude loading. The effect of the transient start-and-stop cycles on the resulting fatigue
life of the rotor shaft is not easily accounted for. However, in each analysis involving the
rated load cycles and the start-and-stop cycles, premature high-cycle fatigue is an unlikely
cause of the failure.

The inherent continuous fatigue degradation of the strength properties is not considered in the
strength-of-materials analysis, often performed for failure investigation. However, this classi-
cal mechanics analysis is adequate, in most cases, in establishing the cause of failure. The more
accurate, yet involved failure prediction based on damage mechanics approach is beyond the
scope of this chapter.

Figure 8. Fatigue life diagram illustrating the possible stress conditions with preload at 0.25SY; fatigue failure (Point B)
and yield (Point C).
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Appendices

See Tables A1, A2 and Figures A1 and A2.

FE (%) C (%) Mn (%) P (%) S (%) Si (%) Cu2 (%) Ni2 (%) Cr2 (%) V (%) Mo (%) Ti (%)

Burn 1 96.8 0.509 0.72 0.0137 0.0247 0.188 0.288 0.0619 1.08 0.0079 0.225 0.0116

Burn 2 96.9 0.501 0.723 0.0135 0.0247 0.187 0.205 0.0614 1.08 0.00777 0.226 0.011

Burn 3 96.9 0.497 0.722 0.0134 0.0247 0.186 0.197 0.0614 1.08 0.00758 0.226 0.0109

AVG 96.8 0.502 0.722 0.0135 0.0247 0.187 0.23 0.0616 1.08 0.00775 0.226 0.0112

Al (%) Nb (%) Zr (%) B2 (%) B (%) Sb (%) Co (%) Sn (%) Sn2 (%) Pb (%)

Burn 1 0.0298 0.00326 0.0112 0.000769 0.000787 0.00696 0.0183 0.0149 0.0115 0.00503

Burn 2 0.03 0.00233 0.0104 0.000723 0.000704 0.00529 0.0182 0.0133 0.0105 0.00418

Burn 3 0.0301 0.00163 0.0097 0.000691 0.000729 0.0053 0.0175 0.0118 0.00949 0.00424

AVG 0.03 0.00241 0.0104 0.000728 0.00074 0.00585 0.018 0.0133 0.0105 0.00449

Table A1. Chemical composition of Cr-Mo steel by GDS analysis.

Hardness SAE grade (unified thds.) SAE class (ISO thds.) Kf rolled thds. Kf cut thds.

Below 200 Bhn (annealed) 2 and below 5.8 and below 2.2 2.8

Above 200 Bhn (hardened) 4 and above 8.8 and above 3.0 3.8

Table A2. Fatigue stress concentration factors for steel-threaded members [6].

Figure A1. Endurance limit-modifying factors used for the steel shaft [5]. (a) Surface-finish modification factors, (b)Effect
of specimen size on the endurance limit in reversed bending and torsion.
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7. Concluding remarks
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Figure 8. Fatigue life diagram illustrating the possible stress conditions with preload at 0.25SY; fatigue failure (Point B)
and yield (Point C).
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Abstract

Slope failure has become a major concern in Malaysia due to the rapid development and
urbanisation in the country. It poses severe threats to any highway construction industry,
residential areas, natural resources, as well as tourism activities. Thus, this study aims to
characterise the relationship between chromaticity variables to be manipulated as indica-
tors to forecast slope failure. The concentration of each soil property in slope soil was
evaluated from two different localities that consist of 120 soil samples from stable and
unstable slopes located along North South Highway and East West Highway. Indicators
that could be used to predict shallow slope failure were high value of variable L*(62), low
values of variables c* (20) and h* (66). Furthermore, the hues that indicate stable slope
based on Munsell Soil Colour Chart are between 2.5YR and 5YR while the hues that
indicate unstable slope are between 5YR and 10YR. The overall analysis leads to the
conclusion that the reactions and distinctive changes of chromaticity variables between
stable and unstable slopes were emphasised as results of significant differences between
soil properties, the locations, slope stability and combinations of all interactions.

Keywords: chromaticity, CIELAB, Munsell Soil Colour Chart, soil properties, shallow
slope failure, early warning system, key indicator assessment, Oxisols

1. Introduction

The slope failure trend has increased significantly owing to improper changes in land usage
and ranked 10th among the most devastating natural disasters in the world occurring across
almost all terrains with steep slopes singled out as the most susceptible to sliding [1]. Marques
et al. [2] reported an annual rate of soil erosion of 30–40 ton/ha in developed countries of Asia,
Africa and South America. On a global scale, the annual loss of 75 billion tons of soil costs the
world about US$400 billion per year or approximately US$70 per person per year [3]. Soil
erosion from catchments with natural forests is minimal, but levels of soil erosion tend to
increase when natural forest is changed to tree crop plantations.
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There were many incidents of slope failure occurring both at constructed and natural slopes
that caused huge number of deaths especially in tropical countries which received high tem-
peratures and yearly precipitation that brought a large amount of water and consequently
triggered extreme effects on the slopes [4]. With these geological factors and climate condition,
added with other contributing aspects, slope failure can be considered as one of the crucial
threats of environmental catastrophe in Malaysia that requires a serious attention. For exam-
ple, the slope failures in Hulu Kelang areas have been studied by a number of local researchers
and practicing engineers. Ashaari et al. [5] had carried out a field survey work at Hulu Kelang
area. A total of 152 slope failures scars of both soil and rock slopes were identified as the
potential catastrophe sites. Gue and Cheah [6] investigated the slope failure motions at
Kampung Pasir, Hulu Kelang using continuous monitoring approach. They found that the
ground had moved from 2 to 17 mm during the monitoring period of 10 days. Hua-xi and
Kun-long [7] had performed a detailed investigation on one of the major slope failures
occurred in Hulu Kelang area, known as Bukit Antarabangsa 2008 landslide. They concluded
that prolonged rainfall during the monsoon season was one of the main factors triggering the
failure.

The issue of slope failure in the highway construction industry is closely related to the soil
factors [8]. The weakening of soil properties that causes slope failures is resulted from
physiochemical activities. It is generated by natural phenomena and human activities
through excessive developments which lead to disturbance and destruction of soil surface
which are hazardous to slopes. There are many indicators of soil qualities such as organic
matters and nutrient deficiency resulted from leachate showing a decline in soil chemical
properties while erosion and water infiltration are examples of physical degradation pro-
cesses [9]. Soil chemical indicators can be identified through specified considerations based
on the existence of certain amount of soil colloids whereas physical indicators can be deter-
mined by exploring on certain physical appearances and water-holding capacity of the soils.
Biological indicators are determined by identifying the amount and mass of microorganisms
through concentrations of biogeochemical responses or determining the populations of
microorganisms in slope soil.

The soils of the humid tropic such as highly weathered soil (Oxisols) and sandy soil have been
observed to be problematic, especially with regard to their fertility. Reviews of research work
on current slope soil development in Malaysia, Thailand and Indonesia have significantly
shown that such fertility constraints could be improved. Poor fertility of the saprolite is more
complex and should be imposed with serious enhancement and management activities. Fur-
thermore, like all acid soils of the humid tropics, Oxisols soils are low in pH value which
causes many potential associating problems, including H, Al, and Mn toxicity, Ca deficiency,
low CEC, P fixation and lowmicrobial activities [9]. The shallow topsoil is highly vulnerable to
erosion and if it is not managed properly especially after the process of clearing the vegetation
on top of soil surface, it can slowly lose its original fertility and beneficial physical properties
which finally will cause shallow slope failure. Several reviews on the characteristics and
management of these soils did not take into account the effect of terracing in exposing
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saprolites or C horizon. With the surface soils and subsoils already being considered problem-
atic, one could only imagine what kind of impact the saprolites pose to soil fertility.

2. Experimental design

2.1. Description of site selection and soil sampling

Two different localities that were chosen as sampling sites are North South Highway (PLUS)
and East Coast Highway (LPT). The whole samples were taken from the slopes that have the
gradient lower than 35�. As for unstable soil sample, only slope that collapsed abruptly were
collected whereas for stable sample collected from the slope that fully covered by vegetation
(Figure 1). At North South Highway, 30 soil samples of stable and 30 soil samples of unstable
slopes were collected randomly from two sections which were at Section C2 (Tanjung Malim to
Bidor) and Section C3 (Sungai Buloh to Tanjung Malim); whereas, in East West Highway
(LPT), 30 soil samples of stable and 30 soil samples of unstable slopes were collected from
Section 1 (Karak to Jengka) and Section 2 (Jengka to Kuantan). Therefore, a total of 120 soils
samplings were collected from those two different localities in Peninsular Malaysia. Auger set
was used to collect soil sample at the designated area and soil samples were collected in the
depth of 30 cm from the surface. Then, the soil samples were stored in plastic bag and labelled
for further analysis.

2.2. Method of data analysis

The collected samples were air-dried, homogenised and sieved to pass a 2 mm mesh sieve for
chromaticity variables analysis by CIELAB spectrophotometer. By using a CIELAB spectro-
photometer analysis, 10 g of samples were accurately weighed by using analytical balance and
was transferred into polystyrene cell and was placed horizontally under spectrophotometer.
During the measurement, each sample was measured at three points randomly in order to
obtain the mean colour and the variability between different points. When the measurement

Figure 1. Condition and appearance of stable and unstable slopes soil.
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was completed, the variables L*a*b*, c* and h* values were displayed on the built by graphical
display following each reading. Readings were entered by hand into an Excel spreadsheet.

For analysis, all data gathered were inserted in Microsoft Excel. The mean and standard
deviation for each concentration of every experiment was calculated. One-way ANOVA were
conducted to measure the validity of the data and the significance of the variation in the results
between the stable slope and unstable slope for each soil property.

3. Results

Soil colours give valuable clues in regard to soil properties, soil classification and interpreta-
tion. Through this study, the results have been discussed in such a way that it is possible to
relate between the Munsell and CIELAB system. It is because, Munsell and CIELAB system
has a similar cylindrical structure, and the colour parameters L*, C * [over] ab (CIELAB) as
hue, value, chroma (Munsell) represent the same colour perception attributes (hue, lightness,
chroma) [10].

3.1. Analysis of soil colour intensity by using Munsell Soil Colour Chart

Scoring with Munsell relies upon human perceived assessment of the three colour attributes:
hue, value and chroma. These attributes give valuable clues in soil properties, soil classification
and interpretation. Hue is identified as the basic spectral colour or wavelength (Red, Yellow,
Blue, or in between, such as Yellow-Red). Value refers to measurement of soil organic matter
(OM) in relation to the lightness or darkness of a colour and the range is from 0 (pure black) to
10 (pure white); while chroma is a measurement of colouring agents like Iron or Manganese
and the range is from 0 (no colour) to 8 (most coloured).

For this study, the analyses by using Munsell Soil Colour Chart showed a slight difference in
stable and unstable slopes. The hues for overall samples were YR (Yellow-Red) and the hues
indicating the stable slopes were between 2.5YR and 5YR while the range of hues that indi-
cated the unstable slope was between 5YR and 10YR (Table 1). Within each letter range, hue
became more Yellow and less Red as the numbers increased. Based on the result, 2.5YR is
redder than 5YR and 7.5YR is less yellow than 10YR. This result is consistent with Fontes and
Carvallho [11] that reported hue 2.5YR indicates hematite predominate (reddish black), hue
10YR indicates that the soil has goethite (yellowish brown) but does not have hematite
whereas hues 7.5YR and 5YR indicate that the soil contains a mixture of goethite and hematite.
It is generally believed that hematite, goethite and probably maghemite are the main
pigmenting agents in the soil systems [12]. Thus, the different Oxisols variant studied for all
sites could be categorised into two main groups which are hematitic or red soil comprising
most of the samples from stable slope, and goethite or yellow soils made up most of samples
from unstable slope. Therefore, the Munsell chroma combined with the hue value was also
used to predict the relative amount of Iron oxides in highly weathered soils [11]. Iron oxides
are reddish, yellow and orange in colour [13] and showed in a very small particle size in soils
in comparison with other soil minerals which favour their capacity for pigmentation.
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No Munsell soil colour Hue Value Chroma Colour chips

Stable slopes

1 Dark reddish grey 2.5YR 3 1

2 Dusky red 2.5YR 3 2

3 Dark reddish brown 2.5YR 3 3

4 Dark red 2.5YR 3 6

5 Dark reddish grey 2.5YR 4 1

6 Reddish brown 2.5YR 4 4

7 Weak red 2.5YR 5 2

8 Reddish brown 2.5YR 5 3

9 Reddish brown 2.5YR 5 4

10 Reddish grey 2.5YR 6 1

11 Light reddish brown 2.5YR 6 3

12 Light red 2.5YR 6 6

13 Very dark grey 5YR 3 1
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13 Very dark grey 5YR 3 1
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No Munsell soil colour Hue Value Chroma Colour chips

14 Dark reddish grey 5YR 4 2

15 Reddish brown 5YR 4 3

16 Yellowish red 5YR 4 6

17 Reddish brown 5YR 5 3

18 Yellowish red 5YR 5 6

19 Yellowish red 5YR 5 8

20 Reddish yellow 5YR 7 6

21 Brown 7.5YR 4 4

22 Reddish yellow 7.5YR 6 6

23 Light brown 7.5YR 7 4

24 Dark brown 10YR 3 3

25 Dark yellowish brown 10YR 4 4

26 Brown 10YR 5 3
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No Munsell soil colour Hue Value Chroma Colour chips

Unstable slopes

1 Pale brown 2.5YR 8 4

2 Light reddish brown 2.5YR 7 3

3 Pinkish white 2.5YR 8 2

4 Reddish brown 5YR 5 4

5 Light reddish brown 5YR 6 3

6 Light reddish brown 5YR 6 4

7 Pink 5YR 7 4

8 Reddish yellow 5YR 7 8

9 Pinkish white 5YR 8 2

10 Brown 7.5YR 5 3

11 Light brown 7.5YR 6 4

12 Reddish yellow 7.5YR 6/6 6 6
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Ibáñez-Asensio et al. [14] stated that the dark colour of the soil organic matter is caused by the
humid acid fraction and a huge amount of calcium carbonate that is also influencing organic
matter on lightness. Carbonates of Calcium and Magnesium contribute to the white colour of
the soils. Moreover, in terms of the differences in the regression equations, Schulze et al. [15]
pointed out that the relationship between the organic matter content and the Munsell value of
soils was strongly influenced by soil texture, parent material and vegetation. High contents of
clay and sand affects the soil colour to become yellowish, reddish and whitish. Clay is the
smallest particle in soils and exhibits colloidal properties. Some of the clays, like Iron oxide
clay, play an important role in soil aggregation and in addition impart red to yellow colours to
soils. Embrapa [16] stated that most minerals are not highly coloured and when they are
coated with humus and Iron oxides, they take on the colours of humus (black or brown), Iron
oxides and hydroxides (red and yellow). Table 1 showing summary of overall colour analysis
by using Munsell Soil Colour Chart for 120 soil samples in response to stable and unstable
slopes.

No Munsell soil colour Hue Value Chroma Colour chips

13 Pinkish grey 7.5YR 7 2

14 Reddish yellow 7.5YR 7 6

15 Reddish yellow 7.5YR 7 8

16 Yellowish brown 10YR 5 6

17 Light grey 10YR 7 2

18 Very pale brown 10YR 8 4

19 Yellow 10YR 8 6

20 Yellow 10YR 8 8

Table 1. Summary of overall soil colour analysis by using Munsell Soil Colour Chart in response to stable and unstable
slope conditions.
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3.2. Analysis of reflectance colorimeter measurement by using CIELAB spectrophotometer

3.2.1. Analysis of CIELAB L* (lightness) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable L*
between stable and unstable slopes. The value of colour variable L* was the lowest in stable
slopes for each study area compared to unstable slopes. The value of variables L* in stable
slopes ranged from 44 to 50 whereas in unstable slopes, from 61 to 63 (Figure 2).

3.2.2. Analysis of CIELAB a* (red-green axis) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable a*
between stable and unstable slopes. The values of colour variable a* were higher in stable
slopes from sites, Plus C2 and Site 2 LPT in comparison to unstable slopes. However, the
results also revealed that the values of variable a* in stable slopes from sites, Plus C3 and Site
1 LPT were lower compared to unstable slope respectively. The level of variable a* in stable
slopes ranged from 7.2 to 11.8 whereas in unstable slopes, from 5.4 to 10.5 (Figure 3).

3.2.3. Analysis of CIELAB b* (yellow-blue axis) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable b*
between stable and unstable slopes. The values of colour variables b* were higher in unstable
slopes for each study area compared to stable slopes. The values of variable b* in unstable
slopes ranged from 19 to 22.7 whereas in stable slopes, from 16.5 to 19.8 (Figure 4).

SITE PLUS C2 PLUS C3 SITE 1 LPT SITE 2 LPT
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Figure 2. The average of variable L* in Oxisols for stable and unstable slopes.
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14 Reddish yellow 7.5YR 7 6

15 Reddish yellow 7.5YR 7 8

16 Yellowish brown 10YR 5 6

17 Light grey 10YR 7 2

18 Very pale brown 10YR 8 4

19 Yellow 10YR 8 6

20 Yellow 10YR 8 8

Table 1. Summary of overall soil colour analysis by using Munsell Soil Colour Chart in response to stable and unstable
slope conditions.
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3.2. Analysis of reflectance colorimeter measurement by using CIELAB spectrophotometer

3.2.1. Analysis of CIELAB L* (lightness) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable L*
between stable and unstable slopes. The value of colour variable L* was the lowest in stable
slopes for each study area compared to unstable slopes. The value of variables L* in stable
slopes ranged from 44 to 50 whereas in unstable slopes, from 61 to 63 (Figure 2).

3.2.2. Analysis of CIELAB a* (red-green axis) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable a*
between stable and unstable slopes. The values of colour variable a* were higher in stable
slopes from sites, Plus C2 and Site 2 LPT in comparison to unstable slopes. However, the
results also revealed that the values of variable a* in stable slopes from sites, Plus C3 and Site
1 LPT were lower compared to unstable slope respectively. The level of variable a* in stable
slopes ranged from 7.2 to 11.8 whereas in unstable slopes, from 5.4 to 10.5 (Figure 3).

3.2.3. Analysis of CIELAB b* (yellow-blue axis) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable b*
between stable and unstable slopes. The values of colour variables b* were higher in unstable
slopes for each study area compared to stable slopes. The values of variable b* in unstable
slopes ranged from 19 to 22.7 whereas in stable slopes, from 16.5 to 19.8 (Figure 4).
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3.2.4. Analysis of CIELAB c* (chroma) value

Statistical analysis showed that there was a significant difference Oxisols colour variable c*
between stable and unstable slopes. The values of colour variable c* were higher in stable
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Figure 3. The average of variable a* in Oxisols for stable and unstable slopes.

SITE PLUS C2 PLUS C3 SITE 1 LPT SITE 2 LPT
STABLE SLOPE 19.8 17 18.5 16.5 

UNSTABLE SLOPE 20.4 20.9 22.7 19 

0

5

10

15

20

25

PLUS C2 PLUS C3 SITE 1 LPT SITE 2 LPT

va
lu

e

b* ( YELLOW-BLUE AXIS )

STABLE SLOPE UNSTABLE SLOPE

Figure 4. The average of variable b* in Oxisols for stable and unstable slopes.
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slopes for each study area compared to unstable slopes. The values of variable c* in stable
slopes ranged from 21 to 25 whereas in unstable slopes, from 18 to 23 (Figure 5).

3.2.5. Analysis of CIELAB h* (hue) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable h*
between stable and unstable slopes. The values of colour variable h* were higher in stable
slopes for each study area in comparison to unstable slopes. The values of variable h* in stable
slopes ranged from 65 to 76 whereas in unstable slopes, from 60 to 69 (Figure 6).

3.2.6. Overall CIELAB soil colour value analysis

Statistical analysis showed that there was a highly significant difference (P < 0.0001) in overall
CIELAB soil colour variables analysis between stable and unstable slopes. The results of the
quantitative measurements of soil colour performed in the laboratory are summarised in
Table 2. The value of variables L* was higher in unstable slopes rather than stable slopes with
the values of 62 and 48, whereas the value of variables a* was slightly lower in unstable slope
with the value of 8.1 compared to the stable slope with 8.7 in value. The value of variables b*
was slightly higher in unstable slope in comparison to stable slope with the value of 21 and 18.
Finally, the value of variables c* and h* were lower in unstable slopes as compared to the stable
slopes. In conclusion, the unstable slopes for overall sites consist of higher value of colour
variables L*, b* and lower value of colour variables a*, c* and h*, respectively. Since there is a
significant difference of colour variables in the comparison of different slope condition, it is
possible to conclude the soil colour can be an indicator for early warning of shallow slope
failure.
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slopes for each study area compared to unstable slopes. The values of variable c* in stable
slopes ranged from 21 to 25 whereas in unstable slopes, from 18 to 23 (Figure 5).

3.2.5. Analysis of CIELAB h* (hue) value

Statistical analysis showed that there was a significant difference for Oxisols colour variable h*
between stable and unstable slopes. The values of colour variable h* were higher in stable
slopes for each study area in comparison to unstable slopes. The values of variable h* in stable
slopes ranged from 65 to 76 whereas in unstable slopes, from 60 to 69 (Figure 6).

3.2.6. Overall CIELAB soil colour value analysis

Statistical analysis showed that there was a highly significant difference (P < 0.0001) in overall
CIELAB soil colour variables analysis between stable and unstable slopes. The results of the
quantitative measurements of soil colour performed in the laboratory are summarised in
Table 2. The value of variables L* was higher in unstable slopes rather than stable slopes with
the values of 62 and 48, whereas the value of variables a* was slightly lower in unstable slope
with the value of 8.1 compared to the stable slope with 8.7 in value. The value of variables b*
was slightly higher in unstable slope in comparison to stable slope with the value of 21 and 18.
Finally, the value of variables c* and h* were lower in unstable slopes as compared to the stable
slopes. In conclusion, the unstable slopes for overall sites consist of higher value of colour
variables L*, b* and lower value of colour variables a*, c* and h*, respectively. Since there is a
significant difference of colour variables in the comparison of different slope condition, it is
possible to conclude the soil colour can be an indicator for early warning of shallow slope
failure.
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4. Discussion

4.1. Relationships between CIELAB spectrometer and Munsell Soil Colour Chart

Munsell Soil Colour Charts are develop for colour identification of an object by direct compar-
ison by using set of colour palettes with a sequence of colour samples on each page in it.
CIELAB, is the methods that operated without relying on human eye. It works by scanning an
object via spectrophotometer and the outcomes were recorded in graph in three dimensional
colour space. This equipment is very effective as supporter to the Munsell colour system. Some
complications that make the outcomes an alternative and attractive prospect are inherent to
the Munsell colour system for example, a great degree of subjectivity and unpredictability
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Figure 6. The average of variable h* in Oxisols for stable and unstable slopes.

Colour variables Slope condition

Stable slope Unstable slope

L* (lightness) 48 � 6 62 � 6

a* (red-green) 8.7 � 2 8.1 � 1.5

b* (yellow - blue) 18 � 4 21 � 4

C* (Chroma) 23 � 4 20 � 4

h* (hue) 70 � 6 66 � 6

Table 2. Mean values for overall soil colour variables in stable and unstable slopes.
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between researchers. CIELAB spectrophotometer able to capture more colour data than
Munsell colour charts because the level of precision by CIELAB spectrophotometer is available
in colour description.

Through the result and analysis using CIELAB spectrometer, variation of soil colours became
apparent at different slope conditions. The soil samples collected from the unstable slopes
were characterised by the high values of variables L*, b* and slightly lower values of variables
a*, C* and h* (Table 2). The difference was also detectable by the soil colour reader using the
Munsell colour system, where the findings indicated that the hues for overall samples were
classified as YR (Yellow-Red), with the stable 2.5YR to 5YR whereas unstable slope 5YR to
10YR, respectively. The positive value CIELAB variables a* and b* are the indication that this
soil sample of Oxisols are dominance by the Iron oxide which influencing the soil colour and
also can detected directly through the Munsell Soil Colour Chart. This difference can be
measured through the b* value where a strong positive value indicates a strong yellow colour
and a strong negative value indicates a strong blue colour whereas a* value where a positive
value indicates a red colour and negative value indicates green colour [17].

Moreover, the high value of variables L* in unstable slope in comparison to stable slope is the
indication that the unstable slope consist low amount of organic matter content which have a
great influencing as among the colouring agent for Oxisols soil. These observations also suggest
that the colour of the slope soil samples, particularly the variable L* as soil colour that attributes
lightness (similar to Munsell value) provides the most information about the relationship with
soil properties which accounted to the ranges of 61–63. Since therewas a significant difference for
colour variables in the comparison of different slope conditions, it is possible to conclude the soil
colour can be an indicator for early warning of shallow slope failure.

4.2. Relationship between chromaticity variables and soil properties

The study on the relationship between chromaticity variables and other soil properties was
initiated by investigating the response of soil colour, in stable and unstable slopes samples, in
relation to some general properties of the slope soils. CIELAB analysis andMunsell Soil Colour
Chart tests revealed important relationships between chromaticity variables and soil proper-
ties. These observations suggest that the variable L* provides marked indicator about the
relationship with most of the soil properties. Colour variable L* is closely correlated with soil
texture including clay and sand contents, soil organic carbon, Iron oxide and Aluminium
concentrations. The relationships between L*, Iron oxide and Aluminium which contributed
to the darkening of the soils, either individually or associated with other organic materials;
also had been revealed by Ibáñez-Asensio et al. [14]. Furthermore, colour variable L* was
found strongly affected by differences in climate and vegetation as well as soil moisture
regime. The L* variable was the lowest (darker) in stable slope soils which covered by vegeta-
tion particularly with fern species in comparison with those unstable slope soils without
vegetation. This attributed to the effect on the soil colour of the variations in the composition
and quantity of soil humus [17].

Therefore, based on the results, it can be pointed out that unstable slope higher value of variable
L* (lightness), which was the evidence that soil properties have strong influence on the weakly
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between researchers. CIELAB spectrophotometer able to capture more colour data than
Munsell colour charts because the level of precision by CIELAB spectrophotometer is available
in colour description.

Through the result and analysis using CIELAB spectrometer, variation of soil colours became
apparent at different slope conditions. The soil samples collected from the unstable slopes
were characterised by the high values of variables L*, b* and slightly lower values of variables
a*, C* and h* (Table 2). The difference was also detectable by the soil colour reader using the
Munsell colour system, where the findings indicated that the hues for overall samples were
classified as YR (Yellow-Red), with the stable 2.5YR to 5YR whereas unstable slope 5YR to
10YR, respectively. The positive value CIELAB variables a* and b* are the indication that this
soil sample of Oxisols are dominance by the Iron oxide which influencing the soil colour and
also can detected directly through the Munsell Soil Colour Chart. This difference can be
measured through the b* value where a strong positive value indicates a strong yellow colour
and a strong negative value indicates a strong blue colour whereas a* value where a positive
value indicates a red colour and negative value indicates green colour [17].

Moreover, the high value of variables L* in unstable slope in comparison to stable slope is the
indication that the unstable slope consist low amount of organic matter content which have a
great influencing as among the colouring agent for Oxisols soil. These observations also suggest
that the colour of the slope soil samples, particularly the variable L* as soil colour that attributes
lightness (similar to Munsell value) provides the most information about the relationship with
soil properties which accounted to the ranges of 61–63. Since therewas a significant difference for
colour variables in the comparison of different slope conditions, it is possible to conclude the soil
colour can be an indicator for early warning of shallow slope failure.

4.2. Relationship between chromaticity variables and soil properties

The study on the relationship between chromaticity variables and other soil properties was
initiated by investigating the response of soil colour, in stable and unstable slopes samples, in
relation to some general properties of the slope soils. CIELAB analysis andMunsell Soil Colour
Chart tests revealed important relationships between chromaticity variables and soil proper-
ties. These observations suggest that the variable L* provides marked indicator about the
relationship with most of the soil properties. Colour variable L* is closely correlated with soil
texture including clay and sand contents, soil organic carbon, Iron oxide and Aluminium
concentrations. The relationships between L*, Iron oxide and Aluminium which contributed
to the darkening of the soils, either individually or associated with other organic materials;
also had been revealed by Ibáñez-Asensio et al. [14]. Furthermore, colour variable L* was
found strongly affected by differences in climate and vegetation as well as soil moisture
regime. The L* variable was the lowest (darker) in stable slope soils which covered by vegeta-
tion particularly with fern species in comparison with those unstable slope soils without
vegetation. This attributed to the effect on the soil colour of the variations in the composition
and quantity of soil humus [17].

Therefore, based on the results, it can be pointed out that unstable slope higher value of variable
L* (lightness), which was the evidence that soil properties have strong influence on the weakly
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developed soils. Several researchers found the lightness value decreased when the number of
clay sized particles increased and also indicated the presence of Iron oxides [15]. Most of Iron
oxides are seen in small particle size so that very small quantities would be adequate in influenc-
ing soil colour since some of those particles had remained on the negatively charged surface of
clay grains [15]. The correlation of L* with clay content, may be caused by the relationship of free
oxides and humid compounds with phyllosilicates, favoured by their superficial activities. The
phyllosilicates act as a support for the other pigments as the increase in phyllosilicates content
(white or greyish pigments) would also cause an increase in L* [17].

Iron oxide and soil total organic carbon have a combined influence on L*, and this effect is
closely linked to the soil particle sizes. Schulze et al. [15] had found that soil organic carbon
and Iron influence on the spectral reaction of soils interrelates with particle size. The results of
the present research are consistent with their findings as it is confirmed that interactions
between texture and Iron exist. It also showed a positive relationship between soil lightness
and soil texture. Sawada et al. [17] also had found low values for soil colour variables partic-
ularly L* in stable slope soils with high clay content, high organic carbon and high concentra-
tion of Iron oxide. On the contrary, unstable slope contains high values of colour variables,
high sand contents, low organic carbon and less concentration of iron oxide. Soil with coarse
textures and low levels of organic carbon, consequently, generated greater lightness values
than in soils with finer textures and higher contents of organic matter. The analysis used in this
study confirms the multivariate relationships and the outcomes pointing to this direction.
Finally, in relation to soil organic carbon content effects on lightness, this research had discov-
ered the same relationship found by Konen et al. [18].

Moreover, in this study, it was found that variable h* (Hue) of the stable slope was slightly higher
in comparison to unstable slope. This could be caused by the joint migration of the clay and Iron
formed in the slope soils. The higher duration of the annual dry period at altitudes of less than
1000 m, higher temperatures with the consequent rising in dehydration of the Iron forms, could
be the factors of this greater reddening [13]. This result is also consistent with the finding through
the Munsell Soil Colour Chart that indicates the hues for overall samples were YR (Yellow-Red)
which were influenced by high concentration of Iron oxides in studied area. Iron oxides can
reflect the surrounding of the environments in which they are formed and are considered as
colouring agents for most of slope soil samples. Curi [12] stated that in the soil systems, hematite,
goethite and probably maghemite which are classified under Iron oxides are the main
pigmenting agents in influencing soil colour. The hues that indicate stable slope are between
2.5YR and 5YR and unstable slope are between 5YR and 10YR. 10YR hue shows that the soil
contains goethite predominance while 2.5YR hue is hematite predominate, whereas hues 7.5YR,
and 5YR show a combination of goethite and hematite. From the findings it can be concluded
that the yellowish colour for most of the unstable slope soil samples are caused by a yellow to
brown iron oxide mineral called goethite. Generally, these soils have lower iron contents
extracted by the sulphuric acid digestion than the other. That occurs either because the parent
material had a low iron content or because iron was removed from the soil by percolating water.

Due to the yellower colour, it is relatively easy to distinguish the horizons for instance the red
colour dominance for most of the stable slope soil samples are due to hematite and a dark red
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due to iron oxide. The content of iron oxides extracted by Non-ferric Red Oxisols are quite
variable in texture, which ranges from medium to very clayey. The parent material for these
soils is very variable and ranges from sandstones to pelitic rocks, with the major requirement
being relatively high iron content. Similar to the variable a* value in stable slopes which is
slightly higher and this means that the soils are slightly redder in comparison to unstable
slopes which contain high sand fraction and slightly higher b* values, it means that the soil is
dominantly yellowish in colour [18].

In addition, with respect to the overall soil samples, the conditions of slope are essential in
influencing the chroma values in such a way that the stable slopes has a slightly high chro-
matic value than the unstable slopes. As was stated before, this is interrelated to the larger
amount of Iron formed in the stable slopes which might be caused by modification and
illuviation of slope structure. Chroma C* is also correlated with total organic carbon content,
which has also been described for other soils [19] and most strongly associated with soil
texture content. This means that the colour of the texture becomes more uniform as the
contents of these minerals increases, which may be attributable to the processes of reduction
and enlargement.

5. Conclusion

The overall soil colour analyses lead to the findings that the CIELAB variables L* (lightness), c*
(chroma) and h* (hue) with significant values of colour variables measured at different slope
conditions, provide the most information in relation to soil properties. Regarding to the
relationship between soil properties, the study had identified that soil texture, total organic
carbon (TOC), Iron oxide and Aluminium concentration were strongly interrelated with soil
colour variables at the studied areas. It is also recommended that in order to explain and detect
the colour of slope soils, the function and availability of lightness-darkness as an analytical
factor should be highlighted, together with the amount of Iron oxides. To sum up, indicators
that can be used to predict shallow slope failure based on chromaticity variables are high value
of variable L*, low values of variables c* and h* and the Munsell Soil Colour Chart were
between 2.5YR and 5YR (hematite predominance). The correlative relationships between chro-
maticity variables and soil erosion suggest that all these properties may potentially be used as
an indicator of slope failure.

These findings should be used to trigger further investigation of the reasons or sources for
the failure of the slope soil and an assessment made of the potential risks to humans or the
environment if the failure continues. Through this study it showed that the weakening of the
slope soil properties occurred mostly due to erosion effect towards the existing soil properties.
Consequently, serious attention should be emphasised on each slope along the highways
particularly the unstable slopes in order to reduce harmful effects. Most of the landslides
occurred during the rainy days when the soil is relatively wet. It would require special
preventing strategies such as slope levelling, terracing and practicing in planting suitable
vegetation in slope areas.
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Due to the yellower colour, it is relatively easy to distinguish the horizons for instance the red
colour dominance for most of the stable slope soil samples are due to hematite and a dark red
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Vegetation and slope stability are interrelated by the ability of the plant life growing on slopes
to both promote and hinder the stability of the slope. The relationship is a complex combina-
tion of the type of soil, the rainfall regime, the plant species present, the slope aspect, and the
steepness of the slope. Any study of soil properties should take serious attention towards any
vegetation above the slope area as this factor is crucial in influencing the loss of several
nutrients. Planting vegetation will increase the organic carbon in soil thus the ions of organic
carbon will bind with ion in clay and hydrogen in soil. These reactions will strengthen the soil
structure. Knowledge of the underlying slope stability as a function of the soil type, its age,
horizon development, compaction, and other impacts are the major underlying aspect of
understanding how vegetation can alter the stability of the slope. Our study did take note of
vegetation, but for future studies, a more thorough study with regard to the vegetation of the
areas in conjunction with certain soil properties would be interesting to be highlighted. The
research findings showed that unstable slope was more likely to occur if there is no plant life
growing on the top of soil. The less vegetation growing in the soil the more likely that erosion
will happened. Vegetation can protect the soil from the impact of the rain and slows down the
infiltration process. Plants with deeper roots are better at holding the soil together and protect
it from erosion.

Finally, an efficient management on landslide risk, the coordination between regions, depart-
ments concerned, universities, research centres, non-governmental organisations and local peo-
ples in landslide-prone would be helpful in order to obtain the better risk management. This
coordination and communication would minimise the wasting budget, man power, time alloca-
tion and miscommunication of decisions taken in future. Additionally, the findings of this
research can be integrated with the various components of landslide risk in risk information
and management systems which should be developed as spatial decision support systems for
local authorities dealing with risk management. The availability and quality of historic landslide
database cannot be overemphasised since they constitute the basis for all components of land-
slide. Modern technologies, such as geographic information system (GIS) and remote communi-
cations, should have a wider application in landslide risk assessment and management.
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Abstract

This chapter characterised the delamination behaviour of a quasi-isotropic quasi-homogeneous
(QIQH) multidirectional carbon/epoxy-laminated composite. The delaminated surface
constituted of 45�//0 layers. Specimens were tested using mode I double cantilever beam
(DCB), mode II end-notched flexure (ENF) and mixed-mode I+II mixed-mode flexure
(MMF) tests at constant crosshead speed of 1 mm/min. Results showed that the fracture
toughness increased with the mode II component. Specifically, the mode I, mode II and
mixed-mode I+II fracture toughness were 508.17, 1676.26 and 927.52 N/m, respectively.
When the fracture toughness values were fitted using the Benzeggagh-Kenane (BK)
criterion, it was found that the best-fit material parameter, η, was attained at 1.21.
Furthermore, fibre bridging was observed in DCB specimens, where the steady-state
fracture toughness was approximately 80% higher compared to the mode I fracture
toughness. Finally, through scanning electron micrographs, it was found that there was
resin-rich region at the crack tip of the specimens. In addition, fibre debonding of the
45�layer was found to be dominant in the DCB specimens. Significant shear cusps were
noticed in the ENF specimens. As for the MMF specimens, matrix cracking and fibre
debonding of the 0�layer were observed to be the major failure mechanisms.

Keywords: mixed-mode delamination, quasi-isotropic quasi-homogeneous, laminated
composite, BK criterion, scanning electron micrographs

1. Introduction

Carbon fibre reinforced polymer (CFRP) composites are widely employed in advanced struc-
tural applications such as aircraft wing skin and fuselage, automobile body panels and marine
deck structures. Composites have the advantages of high specific strength and stiffness over
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conventional aluminium alloy counterparts. This could greatly reduce the weight of the struc-
ture, which in turn benefits the industry through cost saving. For example, it was reported that
the weight reduction of 1 kg in an aircraft structure can save over 2900 l of fuel per year [1, 2].
However, delamination is generally recognised as one of the earliest failure modes in lami-
nated composites. This is caused by relatively low interlaminar strengths [3]. Delamination
could be induced by manufacturing defects or low velocity impacts [3, 4]. This kind of damage
is not easily detected [3]. Hence, the separation of the two neighbouring layers has been
described as the most feared failure mechanism in laminated composites [5]. Therefore, it is
essential to understand the delamination behaviour in laminated composites.

In addition, in the use of laminated composites, multidirectional laminates have been generally
known to have higher interlaminar fracture toughness compared to the unidirectional lami-
nates [6, 7]. This could be attributed to relatively blunt crack tip or intralaminar crack [7]. To
study the delamination behaviour of multidirectional laminates, characterisation was com-
monly conducted on pure mode I, pure mode II and mixed-mode I+II tests [4, 8, 9]. It has been
mentioned that the mode III component in aircraft structures could be negligible [8]. Therefore,
the above-mentioned three delamination modes are the fundamental and essential loading
modes to be considered.

In this chapter, the delamination behaviour of a quasi-isotropic quasi-homogeneous (QIQH)
laminated composite with fibre orientation of 45� and 0� adjacent to the pre-crack was inves-
tigated. Mode I, mode II and mixed-mode I+II delamination behaviour were characterised by
double cantilever beam (DCB), end-notched flexure (ENF) and mixed-mode flexure (MMF)
tests. Subsequently, the variation of fracture toughness with respect to the mixed-mode ratio
was fitted using the Benzeggagh-Kenane (BK) criterion. It was followed by the characterisation
of R-curve behaviour of the composite. Finally, fractographic analyses were carried out on the
delaminated surfaces.

2. Materials

The composite material used in this study was T600S/R368-1 carbon/epoxy prepreg supplied
by Structil. The density of the prepreg was 170 g/m2, the glass transition temperature of the
resin was 105�C, the fibre volume fraction was 59� 2% and the average ply thickness was 0.2 mm.
A 48-ply unidirectional composite laminate was fabricated using a hand lay-up technique
with the stacking sequence of [0/45/90/-45/90/-45/45/-45/0/90/0/45/0/45/-45/45/90/0/90/-45/90/
45/0/45//0/45/90/-45/90/-45/45/-45/0/90/0/45/0/45/-45/45/90/0/90/-45/90/-45/0/45]. The symbol
‘//’ refers to the mid-plane location where a 15-μm Teflon film was placed to initiate the pre-
crack. This provided the fibre orientation of 45�//0�adjacent to the delaminated surface. This
stacking sequence led to uncoupled quasi-isotropic quasi-homogeneous (QIQH) property
which was not only for the whole laminate, but also for each arm of the specimens [10]. For
any 24-ply arm used here, the stiffness matrices Aij, Dij and Bij were always the same and
independent of the loading direction. Even if the laminate was not symmetric, the coupling
stiffness matrix [B] and the entries A16, A26, D16 and D26 in the extensional [A] and bending [D]
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stiffness matrices could be eliminated. Moreover, for other entries, Aij was proportional to Dij.
This enabled random selection of fibre orientation in the layers adjacent and sub-adjacent to
the interface crack. Besides, the non-dimensional ratio D12

2/(D11D22) was always equal to
0.1036.

The composite was cured by using a hot-press machine according to the temperature cycle
shown in Figure 1. Upon the completion of fabrication, the laminate was left to cool down
under ambient condition.

3. Delamination tests

The composite plate was cut into specimens of 20 mm width using diamond-coated abrasive
cutting blade with coolant. Three different types of fracture tests were conducted, which were
double cantilever beam (DCB), 3-point end-notched flexure (ENF) and mixed-mode flexure
(MMF) to characterise mode I, mode II and mixed-mode I+II delamination behaviour, respec-
tively. The test configurations are illustrated in Figure 2. The composite laminate has the total
thickness, 2h = 9.6 mm. For both ENF and MMF tests, the half-span length, L, was always set to
be 60 mm. The initial crack lengths, ao, were 40 mm for DCB specimens and 25 mm for ENF
and MMF specimens. The compliances of the specimens were also measured in the range of
45–70 mm for DCB specimens and 15–55 mm for ENF and MMF specimens. This was to obtain
the compliance plots for the calculation of the fracture toughness. All tests were conducted
using imposed crosshead speed of 1 mm/min. At least three replicates were tested for each
series of specimens. All tests were conducted under ambient condition.

Figure 1. Curing cycle of the composite laminate fabrication.
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Figure 2. Test configurations for (a) DCB, (b) ENF and (c) MMF tests.
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4. Data reduction scheme

The analysis method for the fracture energy was based on the Irwin-Kies equation [11], which
is written as

GC ¼ P2
C

2B

� �
dC
da

� �
ð1Þ

where GC is the fracture energy, PC is the critical load attained before propagation of crack initiation,
B is the width of the specimen, C is the compliance and a is the crack length. For the experimental
calibration method (ECM), the empirical compliance calibrated model is expressed by

C ¼ C2a30 þ C1 ð2Þ

where C2 and C1 are obtained from C versus ao
3 plot. Substituting the derivative of Eq. (2) into

Eq. (1) yields the following expression:

GC ¼ P2
C

2B

� �
3C2a20 ð3Þ

Eqs. (2) and (3) are also applied to the crack propagation to determine the effective crack
length, ap and the resistance to crack growth in terms of the strain energy release rate, Gp,
which are described as follows:

ap ¼
Cp � C1

C2

� �1
3

ð4Þ

Gp ¼
P2
p

2B

 !
3C2a2p ð5Þ

where Cp and Pp signify the measured specimen’s compliance and the load corresponding to
an effective crack length, ap. R-curves can then be obtained in order to investigate the crack
propagation behaviour.

5. Force-displacement curves

Figure 3 displays the force-displacement curves of the specimens tested using DCB, ENF and
MMF tests. All tests showed initial linear region, followed by load drop after peak load (critical
load) was attained. The crack propagation in the DCB specimens was comparatively less stable
compared to the ENF and MMF specimens. In addition, good repeatability was observed in all
tests.
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6. Mode I, mode II and mixed-mode I+II fracture toughness

The compliance plots of DCB, ENF and MMF tests are shown in Figure 4. By fitting the
compliance data with a linear equation, C2 and C1 for each test were obtained and are shown
in the figure. Subsequently, the fracture toughness could be calculated.

Figure 5 shows the fracture toughness at all three different mode ratios, where the values in
the bracket refer to coefficient of variation (CV). The largest CV was less than 10%, which
signified good repeatability of the tests. The variation of fracture toughness with respect to
mixed-mode ratio was characterised using the Benzeggagh-Kenane (BK) mixed-mode crite-
rion [12], which is expressed by Eq. (6):

GTC ¼ GIC þ ðGIIC � GICÞ GII

GI þ GII

� �η

ð6Þ

In the above equation, GTC refers to the total fracture toughness for mixed-mode loading and η
is the material constant and has to be determined empirically. From Figure 5, it could be noted
that the fracture toughness increased with the mode ratio. The mode ratio, GII/GT of DCB, ENF
and MMF are 0, 1 and 0.43, respectively. In addition, the best-fit η was 1.21, which was similar
to the value reported for woven E-glass/bismaleimide [4], carbon/epoxy [8] and SL-EC glass-
cloth/epoxy [13] composites.

Figure 3. Force-displacement curves of (a) DCB, (b) ENF and (c) MMF specimens.
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7. R-curve behaviour in mode I delamination

Figure 6 shows the R-curve of the DCB specimens. As shown in Figure 6, da = ap � ao and dG =
Gp�GC, where ap and Gp were calculated using Eqs. (4) and (5), respectively. The gaps between

Figure 5. Variation of the fracture toughness with the mode ratio.

Figure 4. Compliance plots of (a) DCB, (b) ENF and (c) MMF specimens.
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the data implied the crack jump due to instable crack propagation, where there was a sudden
drop in the fracture energy. The energy magnitude of lower than the previous attained maxima
did not contribute to additional crack propagation. Rather, it was an energy storing process
and hence was filtered out. In this study, a drop in fracture energy of more than 5% from the
previous maximum value was chosen as a basis for establishing representative R-curves. The
filtered R-curve is marked as “x” in Figure 6. It was noted that the fracture energy increment
was significant, where the maximum increment in the fracture energy (≈400 N/m) was approx-
imately 80% of the GIC value.

8. Fractographic analyses

Figures 7–9 show the comparison of the scanning electron micrographs of the delaminated
surfaces of DCB, ENF and MMF specimens at the crack-tip region. It is obvious that there was
significant resin-rich region at the crack tip of DCB and MMF specimens. In addition to the
resin-rich region, fibre debonding was also found to be relatively significant in MMF specimen.
As for the ENF specimen, matrix cracking and fibre debonding were found to be the two major
damage mechanisms. This suggested that the fracture toughnesses that were calculated at
different modes were actually contributed by the energy dissipation by different damage
mechanisms.

To further investigate the delamination behaviour in the delamination region, additional
scanning electron micrographs were captured and are shown in Figures 10–12. It was
observed that for the DCB specimen, the delamination was dominated by the 45� layer, where
fibre debonding was the major failure mechanism. Even on the 0� surface, traces of 45�layer

Figure 6. R-curve of the DCB specimens.
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were observed. Based on the R-curve behaviour observed, it was thus believed that fibre
debonding has led to fibre bridging that enhanced the delamination growth and dissipated
additional fracture energy [14].

Figure 7. Crack-tip delamination of the DCB specimen: (a) 45�layer and (b) 0�layer.

Figure 9. Crack-tip delamination of the MMF specimen: (a) 45�layer and (b) 0�layer.

Figure 8. Crack-tip delamination of the ENF specimen: (a) 45�layer and (b) 0�layer.
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Figure 10. Delamination surfaces of the DCB specimen: (a) 45�layer and (b) 0�layer.

Figure 12. Delamination surfaces of the MMF specimen: (a) 45�layer and (b) 0�layer.

Figure 11. Delamination surfaces of the ENF specimen: (a) 45�layer and (b) 0�layer.
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As for the ENF specimen, a significant difference in the delamination behaviour was observed.
Fibre debonding was observed on the fibres in the 0�direction. However, significant shear cusps
were observed on the 0�layer in the 45� direction, which was attributed to the shear mode
loading. It has also been reported that the high shear mode would draw large shear cusps [6, 7].
A certain amount of matrix cracking was observed on the 45� layer, which was believed to be
due to the interaction between 0�and 45� layers during shearing. Matrix hackles were also
observed in the ENF specimen of a woven E-glass/bismaleimide composite [4].

As for the mixed-mode delamination, the MMF specimen exhibited fibre debonding domi-
nated by the 0� layer, which was similar to the ENF specimen. Nevertheless, the shear cusps in
the MMF specimen were less significant and more random compared to the ENF specimen,
which was similar to the observation by Naghipour et al. [6]. In addition, the roughness of the
MMF specimen was less than the ENF specimen [7]. On the other hand, matrix cracking
seemed to be another major failure mechanism. All these observations suggested that the
modes of loading influenced the failure mechanisms of the specimens, which in turned
reflected in different values of fracture toughness.

9. Conclusion

In order to evaluate the delamination behaviour of a multidirectional laminated composite
with 45� and 0� layers adjacent to the pre-crack, a quasi-isotropic quasi-homogeneous (QIQH)
composite laminate was fabricated. Double cantilever beam (DCB), end-notched flexure (ENF)
and mixed-mode flexure (MMF) tests were carried out to characterise mode I, mode II and
mixed-mode I+II delamination, respectively. All tests were conducted at a constant crosshead
speed of 1 mm/min under ambient condition. The average fracture toughnesses were mode I
GIC = 508.17 N/m, mode II GIIC = 1676.26 N/m and mixed-mode I+II G(I+II)C = 927.52 N/m. The
best-fit material parameter, η = 1.21, according to the Benzeggagh-Kenane (BK) criterion.
Through scanning electron micrographs, the crack-tip region was found to be resin-rich. In
addition, fibre debonding of the 45� layer was dominant in the DCB specimen, which was
believed to have led to fibre bridging behaviour. Furthermore, in the ENF specimen, significant
shear cusps were observed. Finally, matrix cracking and fibre debonding of the 0� layer were
observed in the MMF specimen.
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Abstract

Heat Recovery Seam Generator (HRSG) tube failure is one of the most frequent causes of 
power plant forced outage. In one of the local power plants, one of the boilers has experi-
enced several defects and failures after running approximately 85,000 hours. 17 tube fail-
ures were found at the High Pressure High Temperature Superheater (HPHTSH) outlet 
header. The aim of this study is to find the root cause of the tube failures and to suggest 
the remedial action to prevent repetitive failure event. Several analysis methods were con-
ducted to ascertain the potential cause(s) of failure. The results showed that the tubes failed 
due to long-term creep and thermal fatigue based on the cracking behaviour. Furthermore, 
the power plant has been operating as a peaking plant which concluded that the tubes 
have undergone the thermal stress due to frequent temperature change in the tubes. Flow 
correcting device (FCD) was also found damaged, causing flow imbalance in the tubes. 
Flow imbalance accelerated the creep degradation on the tubes. It was recommended that 
the FCD has to be repaired and improved to balance the flow. Furthermore, the extensive 
life assessment was recommended to be done on all the tubes to avoid future tube failures.

Keywords: boiler tube failure, HRSG, failure analysis

1. Background of study

After nearly 85,000 running hours, one of the boilers, also known as heat recovery steam 
generator (HRSG), in one of the local power plants has been experiencing 17 boiler tube 
failures. The power plant was designed as base load plant; however, after 7 years of opera-
tion, the plant started changing its operating regime from base load to cyclic load with more 
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start-up/shutdown. The frequency of tube failures has increased when the plant was having 
more cyclic operation as compared to 5 years after commissioning. The connecting tubes of 
the outlet header of HRSG High Pressure High Temperature Superheater (HPHTSH) have 
suffered leakage, and all the failed tubes were located next to each other in a row (i.e. Row 3) 
as shown in Figure 1.

During the incident, a significant drop of the water level and water pressure was detected at 
the high pressure (HP) boiler drum due to the extensive leak of these HPHTSH connecting 
tubes. Then, the plant decided to declare force outage in order for inspection team to carry out 
proper, thorough inspections to identify the cause of water loss. The suspected tubes of High 
Temperature Reheat (HTRH), HPHTSH and High Pressure Low Temperature Superheater 
(HPLTSH) inlet and outlet header were inspected.

The outcomes from the inspection showed that no defects were found on HTRH and 
HPLTSH inlet and outlet header; however, circumferential cracks were found at 17 tubes on 
HPHTSH outlet header. The flow correcting devices (FCD) also were found detached and 
misaligned from its original position. Maintenance team has appointed internal inspection 
team to investigate the possible failure mechanism and the root cause of HPHTSH outlet 
header tube failures. Also, they requested external laboratory to conduct a remaining creep 
life prediction [1].

The main objectives are:

1. To determine metallurgical characteristics and mechanical properties of the failed tube 
specimens.

2. To identify the root cause of failures and its mechanisms.

3. To provide recommendations for rectification actions in future prevention of the tube 
failures.

The investigation covered the failure of Tube 8, Tube 9, Tube 10 and Tube 18 of the HPHTSH 
section. Figure 2 shows the samples of tube failures. Several analysis methods were carried 
out to ascertain the potential cause(s) of failure such as visual examination, dimensional 

Figure 1. Tube mapping of recent failure of HPHTSH outlet header tubes.

Failure Analysis and Prevention48

measurement, metallurgical analysis, hardness testing, chemical analysis or X-ray fluores-
cence (XRF) analysis, oxide layer measurement and creep assessment. Each method of analy-
sis may not cover all tubes due to limited resources and time. Table 1 shows the analysis 
method done on those selected tubes.

2. Procedure for HRSG tube failure analysis

Detail visual examination is the first step to determine earlier condition of failed tube. After 
received the sample, the condition on fireside and waterside surface shall be thoroughly 
inspected for any abnormal indication and the findings shall be recorded with photographic 
documentation. Any change of colour, deposit texture, fracture surface, location of defect and 
morphology should be focussed and recorded.

The next step in the tube failure analysis is to conduct a dimensional analysis. The design 
data and drawing should be available before proceeding this step. Quantitative assessment on 

Figure 2. Appearance of Row 3 tube failures, (a) Tube 8 and (b) Tube 9.

Type of analysis Tube 8 Tube 9 Tube 10 Tube 18

Visual inspection √ √ √ √

Dimensional measurement √ √

Metallographic examination √ √

Hardness testing √ √

XRF analysis √ √ √ √

Oxide thickness assessment √ √

Table 1. Analysis done on each tube.
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failed tube with the Vernier calliper or ID/OD micrometre useful in assessing wall thinning, 
bulging and any corrosion damage. Ultrasonic thickness machine can be used to measure the 
oxide thickness of failed area and give the idea how long the failure has already taken place. 
The extent of oxide formation and/or ductile expansion can provide an idea to determine the 
primary failure mechanism. For example, thick oxide may indicate that the rupture may be 
due to overheating.

The appearance and/or orientation of crack can be helpful in determining a failure mecha-
nism. While A soot blower erosion typically causes ‘fish mouth’ and thick-edged appearance, 
and thermal commonly results in transverse crack at heat-affected zone (HAZ). Normally, 
the crack shall be examined closely at HAZ and weldment area. Non-Destructive Test (NDT) 
such as dye-penetrant testing or magnetic particle testing may be necessary to determine the 
extent of the crack [2].

The evaluation of water chemistry and boiler operation is necessary to determine the 
failure mechanism. As an example, poor water chemistry will result in flow accelerated 
corrosion (FAC) on low pressure section or thicker oxide layer in a superheated section. 
Excessive oxide layer will result in high metal temperature. This will eventually cause high-
temperature oxidation and may lead to exfoliation. Quantitative analysis of the internal 
tube surface commonly involves the determination of the oxide scale value and deposit 
thickness. Interpretation of these values can define the role of internal deposits in a failure 
mechanism. Oxide scale values are also used to determine whether chemical cleaning of 
boiler tubing is required. Wet chemical analysis is often used to determine the elemen-
tal composition. A number of spectrochemical analysis techniques can also be used for 
the quantitative measurement to determine the material percentage in the failed tube. The 
result will be compared to ASME, 2015, Section II Part D. In boiler construction, there are 
several cases where the installation or repair work was done using wrong grade of materi-
als. In any cases, wet chemical analysis comparison of the steel can be used to determine 
the cause of premature failure.

Hardness measurement can be used to estimate the tensile strength/material hardness. 
The comparison of failed tube harness to accepted hardness range, and the deteriora-
tion of the mechanical properties can be determined due to material creep. The micro-
Vickers hardness tester is usually used to obtain the hardness profile along the defective 
surface including HAZ, weldment, and base metal for any microstructure change on the 
material.

Metallography is key actions in determining the boiler tube failure mechanism. It is also good 
in assess the following:

a. whether cracks initiated on a waterside or fireside surface

b. the orientation of crack

c. whether a tube failure resulted from hydrogen embrittlement

d. whether a tube failed from short-term or long-term overheating damage

e. whether cracks were caused by creep damage, thermal fatigue, or stress-corrosion cracking.

Failure Analysis and Prevention50

Proper sample orientation and preparation are critical aspects of microstructural analysis. The 
orientation of the sectioning is determined by the specific failure characteristics of the case. 
After careful selection, metal specimens are cut with an abrasive cut-off wheel and mounted 
in a mould with resin or plastic. After mounting, the samples are subjected to a series of 
grinding and polishing steps. The goal is to obtain a flat, scratch-free surface of metal in the 
zone of interest. After processing, a suitable etchant is applied to the polished metal surface 
to reveal microstructural constituents (grain boundaries, distribution and morphology of iron 
carbides, etc.). Figure 3 summarizes the failure analysis activities.

3. Results and discussion

3.1. Visual examination

Four tube sections were identified in Row 3 as Tube 8, Tube 9, Tube 10 and Tube 18, and each 
marked with an arrow indicating the flow direction towards the outlet header. Measurement 
has showed that the five tube sections have a nominal outer diameter (OD) of 32 mm. All 
examined tubes comprised bend sections approximately 280 mm long, measured around the 
extrados of the bend.

The connecting tubes are welded directly on the header without the presence of stubs. Cracks 
have developed at the heat-affected zone (HAZ) of the welds on the tube side. All cracks were 
circumferential in nature with no branching characteristics. The cracks propagated at the 
outer radius plane of the connecting tubes with an average length of approximately 25 mm 
as shown in Figure 4.

The tube sections have not undergone visible bulging and deformation over the entire length. 
The external surfaces of all sections appeared to be normal, with no signs of significant cor-
rosion/erosion damage. The magnetite layer on the inner, steam-touched surfaces appeared 
thick, homogenous, adhesive and continuous, with no signs of serious/apparent exfoliation. 
The circumferential cracks have penetrated the tube wall.

Figure 3. Flow chart of failure analysis activities.
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3.2. Dimensional measurement

3.2.1. Thickness measurement

Tube 8 and Tube 18 out of five tubes were chosen for dimensional measurement since the 
Tube 8 may be a representative of Tube 9 and Tube 10. The tube was cut into six pieces in 
order to do OD and inner diameter (ID) measurement. The thickness of Tube 8 and Tube 18 was 
measured by ultrasonic thickness at three locations for each tube, designated as A, B and C. 
Four spots with respect to clock position 12, 3, 6 and 9 were measured at each location as 
shown in Figure 5. The results are recorded in Tables 2 and 3.

The minimum measured thickness readings were compared with the minimum required 
thickness from the RBI report and Doosan (HRSG OEM) report. Several locations of Tube 8 
and Tube 18 showed that the wall thickness was lower than the minimum required thick-
ness, which was considered unsafe and unacceptable. It implied that the risk of stress rupture 

Figure 5. Dimensional references of thickness measurement on a tube.

(a) (b)

Figure 4. Appearance of tube failure at Row 3: (a) Tube 8 and (b) Tube 18.
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was high. The significant wall thinning could be due to the excessive steam oxidation, which 
caused a high consumption rate of metal.

3.2.2. Outer/inner diameter (OD/ID) measurement

Tube 8 and Tube 18 were cut at an interval length of 50 mm. The sections are designated 1–6 
as shown in Figure 6. The OD, ID and thickness of each cutting location were measured by 
Vernier calliper at the area shown in Figure 7. The results are recorded in Tables 4 and 5.

Tube 8

Location 12 3 6 9

A 2.95 2.79 2.86 2.87

2.96 2.7 2.84 2.83

2.95 2.76 2.87 2.81

Min value 2.95 2.7 2.84 2.81

B 2.14 2.96 3.28 2.83

2.16 2.93 3.29 2.89

2.15 2.95 3.24 2.85

Min value 2.14 2.93 3.24 2.83

C 2.88 2.73 2.83 2.92

2.81 2.74 2.82 2.9

2.82 2.73 2.8 2.91

Min value 2.81 2.73 2.8 2.9

Table 2. Thickness reading of Tube 8 (in mm).

Tube 18

Location 12 3 6 9

A 2.77 2.63 2.89 2.88

2.74 2.65 2.91 2.89

2.75 2.62 2.9 2.83

Min value 2.74 2.62 2.89 2.83

B 2.21 2.86 3.41 2.86

2.2 2.82 3.43 2.89

2.19 2.91 3.42 2.81

Min value 2.19 2.82 3.41 2.81

C 2.72 2.72 2.7 2.71

2.79 2.73 2.78 2.69

2.74 2.71 2.76 2.72

Min value 2.72 2.71 2.7 2.69

Table 3. Thickness reading of Tube 18 (in mm).
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3.2. Dimensional measurement

3.2.1. Thickness measurement

Tube 8 and Tube 18 out of five tubes were chosen for dimensional measurement since the 
Tube 8 may be a representative of Tube 9 and Tube 10. The tube was cut into six pieces in 
order to do OD and inner diameter (ID) measurement. The thickness of Tube 8 and Tube 18 was 
measured by ultrasonic thickness at three locations for each tube, designated as A, B and C. 
Four spots with respect to clock position 12, 3, 6 and 9 were measured at each location as 
shown in Figure 5. The results are recorded in Tables 2 and 3.

The minimum measured thickness readings were compared with the minimum required 
thickness from the RBI report and Doosan (HRSG OEM) report. Several locations of Tube 8 
and Tube 18 showed that the wall thickness was lower than the minimum required thick-
ness, which was considered unsafe and unacceptable. It implied that the risk of stress rupture 

Figure 5. Dimensional references of thickness measurement on a tube.

(a) (b)

Figure 4. Appearance of tube failure at Row 3: (a) Tube 8 and (b) Tube 18.
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was high. The significant wall thinning could be due to the excessive steam oxidation, which 
caused a high consumption rate of metal.

3.2.2. Outer/inner diameter (OD/ID) measurement

Tube 8 and Tube 18 were cut at an interval length of 50 mm. The sections are designated 1–6 
as shown in Figure 6. The OD, ID and thickness of each cutting location were measured by 
Vernier calliper at the area shown in Figure 7. The results are recorded in Tables 4 and 5.
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Location 12 3 6 9
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Min value 2.95 2.7 2.84 2.81

B 2.14 2.96 3.28 2.83

2.16 2.93 3.29 2.89

2.15 2.95 3.24 2.85

Min value 2.14 2.93 3.24 2.83

C 2.88 2.73 2.83 2.92

2.81 2.74 2.82 2.9

2.82 2.73 2.8 2.91

Min value 2.81 2.73 2.8 2.9

Table 2. Thickness reading of Tube 8 (in mm).
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2.19 2.91 3.42 2.81

Min value 2.19 2.82 3.41 2.81
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2.74 2.71 2.76 2.72

Min value 2.72 2.71 2.7 2.69

Table 3. Thickness reading of Tube 18 (in mm).
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The OD and ID for both tubes did not show any significant signs of tube bulging, deformation 
and wall thinning over the length, as compared to the design values, where OD was 31.8 mm 
and ID was 26.2 mm.

3.3. Metallographic examination

The metallographic examination was performed on Tube 8 and Tube 18 through the replication 
method and the standard metallographic preparation method. The replication method was 
applied on tube surface in a non-destructive manner, while in the standard metallographic 
method, the cracked part was cut and mounted in cross sections. The damage characteristics 
of the fractured area in mounted specimens of Tube 8 and Tube 18 are described as follows:

a. The cracks were fairly straight and had a transgranular appearance, thick oxide filled, 
without branching characteristics. The cracks propagated in the HAZ.

b. Isolated, aligned cavities and microcracks were presented in the vicinity of the cracks. The 
cavities were predominantly aligned in parallel to the cracks, and some were perpendicu-
lar to the cracks.

Figure 6. Tube 8 was cut into six sections.

Figure 7. Dimensional reference of OD and ID tube.
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c. Under high magnifications, the grade 91 microstructure of base metal still appeared nor-
mal (martensitic) with no signs of thermal degradation such as phase transformation, 
grain growth and precipitate coarsening. A small amount of isolated cavities were found 
in the remote base metal of Tube 8.

d. The fracture surfaces had oxidized heavily. The oxide layers at the steam touch surfaces 
(inner surface) were considered thick, in excess of 300 μm.

Figure 8 shows the microstructure of Tube 8 at the fracture area at different magnification. 
Isolated cavities, aligned cavities, microcrack and thick oxidation layer were observed at that 
particular location.

3.4. Hardness testing

Micro-Vickers hardness was used to measure the mounted specimen hardness of Tube 8 and 
Tube 18. The applied load for this test was 10 kg load in 5 s. The tested locations include:

a. Heat-affected zone (HAZ)

b. Base metal (near crack’s location)

c. Base metal (remote area)

Section Outer diameter (mm) Inner diameter (mm)

12–6 1.5–7.5 3–9 4.5–10.5 12–6 1.5–7.5 3–9 4.5–10.5

1 31.75 31.89 31.82 31.87 25.25 24.47 25.31 25.31

2 31.90 31.86 31.86 31.87 24.80 24.98 25.22 25.34

3 31.93 30.75 30.65 31.85 25.16 24.11 23.89 24.63

4 31.85 32.03 31.94 31.98 24.63 25.18 25.11 24.84

5 31.88 31.76 31.77 31.87 25.20 25.16 25.55 25.26

6 31.66 31.71 31.60 31.43 25.14 25.11 24.64 24.67

Table 4. OD and ID each section of Tube 8.

Section Outer diameter (mm) Inner diameter (mm)

12–6 1.5–7.5 3–9 4.5–10.5 12–6 1.5–7.5 3–9 4.5–10.5

1 31.69 31.25 31.57 31.29 25.29 25.12 25.35 25.28

2 31.52 31.74 31.87 30.82 24.84 24.67 25.40 24.17

3 31.31 31.35 30.74 32.22 24.56 23.95 23.84 25.27

4 30.97 30.59 29.51 31.63 24.80 23.78 23.14 25.04

5 32.02 32.31 31.91 32.22 25.18 25.14 25.03 25.33

6 31.86 31.63 31.60 31.60 25.04 24.89 25.35 25.12

Table 5. OD and ID each section of Tube 18.
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The OD and ID for both tubes did not show any significant signs of tube bulging, deformation 
and wall thinning over the length, as compared to the design values, where OD was 31.8 mm 
and ID was 26.2 mm.

3.3. Metallographic examination

The metallographic examination was performed on Tube 8 and Tube 18 through the replication 
method and the standard metallographic preparation method. The replication method was 
applied on tube surface in a non-destructive manner, while in the standard metallographic 
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c. Under high magnifications, the grade 91 microstructure of base metal still appeared nor-
mal (martensitic) with no signs of thermal degradation such as phase transformation, 
grain growth and precipitate coarsening. A small amount of isolated cavities were found 
in the remote base metal of Tube 8.

d. The fracture surfaces had oxidized heavily. The oxide layers at the steam touch surfaces 
(inner surface) were considered thick, in excess of 300 μm.

Figure 8 shows the microstructure of Tube 8 at the fracture area at different magnification. 
Isolated cavities, aligned cavities, microcrack and thick oxidation layer were observed at that 
particular location.

3.4. Hardness testing

Micro-Vickers hardness was used to measure the mounted specimen hardness of Tube 8 and 
Tube 18. The applied load for this test was 10 kg load in 5 s. The tested locations include:

a. Heat-affected zone (HAZ)

b. Base metal (near crack’s location)

c. Base metal (remote area)

Section Outer diameter (mm) Inner diameter (mm)

12–6 1.5–7.5 3–9 4.5–10.5 12–6 1.5–7.5 3–9 4.5–10.5

1 31.75 31.89 31.82 31.87 25.25 24.47 25.31 25.31

2 31.90 31.86 31.86 31.87 24.80 24.98 25.22 25.34

3 31.93 30.75 30.65 31.85 25.16 24.11 23.89 24.63

4 31.85 32.03 31.94 31.98 24.63 25.18 25.11 24.84

5 31.88 31.76 31.77 31.87 25.20 25.16 25.55 25.26

6 31.66 31.71 31.60 31.43 25.14 25.11 24.64 24.67

Table 4. OD and ID each section of Tube 8.

Section Outer diameter (mm) Inner diameter (mm)

12–6 1.5–7.5 3–9 4.5–10.5 12–6 1.5–7.5 3–9 4.5–10.5

1 31.69 31.25 31.57 31.29 25.29 25.12 25.35 25.28

2 31.52 31.74 31.87 30.82 24.84 24.67 25.40 24.17

3 31.31 31.35 30.74 32.22 24.56 23.95 23.84 25.27

4 30.97 30.59 29.51 31.63 24.80 23.78 23.14 25.04

5 32.02 32.31 31.91 32.22 25.18 25.14 25.03 25.33

6 31.86 31.63 31.60 31.60 25.04 24.89 25.35 25.12

Table 5. OD and ID each section of Tube 18.
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The result of hardness testing is reported in Table 6.

Based on the ASTM 213 T91 code, the maximum hardness for tube material 91 is 265 HV [3]. 
Based on experience, the low alloy material 91 hardness should not be less than 195 HV. The 
base metal of the tested part was considered still within design specification. The HAZ has 
a low hardness property, which is considered not acceptable, especially 142 HV, which indi-
cates progressive thermal degradation.

Figure 8. The microstructure of Tube 8 shows a crack at different magnification: (a) 250 μm, (b) 100 μm and (c) 30 μm.

Location Average hardness (HV)

Tube 8 Tube 18

Weld joint 206 267

Heat-affected zone (HAZ) 142 185

Base metal 212 220

Base metal 202 221

Table 6. Average hardness value of selected locations of Tube 8 and Tube 18.
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3.5. X-ray fluorescence (XRF) analysis

Using a Niton XLt 898 XRF analyser, a positive material identification (PMI) analysis was car-
ried out on the four tube sections (i.e. Tube 8, Tube 9, Tube 10 and Tube 18). Prior to the analy-
sis, the external surface of each section was ground back to bright metal, and the analysis was 
carried out for three times. For the elements analysed, the average results obtained from both 
analyses on each section are summarized in Table 7, together with the range in composition 
specified for ASTM A213-09 Grade T91, shown for comparison.

Within the limits of the instrument used, the results of the XRF analysis showed that all four 
sections were manufactured using ferritic alloy steel, which conformed to Grade T91, that is the 
specified grade of material. One minor anomaly was the chromium contents of the R3 Tube 18, 
which contained 7.9% Cr, marginally below the minimum specified chromium content of 8.00%.

3.6. Operational assessment

3.6.1. Statistics of failed/repaired tube

The plant had experienced several HRSG tube failures for its HPHTSH section during its 12 years 
of operations. Statistics of the tube failures by locations are as per Failure 14, which shows that the 
majority of the failure has occurred at the right sidewall, followed by the left sidewall. Based on 
computational fluid dynamic (CFD) study done by third-party consultant (Andreas F., 2015), it 
was found that there are uneven flow and temperature distribution of the GAS turbine exhaust gas 
over the HPHTSH section. As shown by the flow study, during the base load operation of 350 MW, 
the flow is mainly concentrated at the two sidewalls while at the minimum load operation of 
210 MW, the flow is channelled only to concentrate at the right-sidewall of the HRSG. Over its  
12 years of operations, these operations had caused some tubes for the section to have higher 
tendency for creep damage as opposed to the others. The failures in the middle section were 
identified to be related to the acoustic baffle plates, which had been resolved in the past.

From the temperature trending, there are significantly more than six readings where the temper-
ature drops below 100°C within 1-year period. The frequent start-stop, especially cold start, may 
accelerate thermal fatigue damage, for example, ligament cracking in stud locations (Figure 9).

Tube no Element (wt%)

Chromium Molybdenum Nickel Manganese Vanadium Niobium

Tube 8 8.40 1.06 0.11 0.52 0.20 0.08

Tube 9 8.10 0.97 0.07 0.52 0.21 0.08

Tube 10 8.40 1.02 0.06 0.49 0.23 0.08

Tube 18 7.90 0.97 0.10 0.55 0.23 0.08

ASTM A213 Grade 
T91

8.00/9.50 0.85/1.05 0.40 max 0.30/0.60 0.18/0.25 0.06/0.10

Table 7. The chemical composition of defective tube [3].
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The result of hardness testing is reported in Table 6.

Based on the ASTM 213 T91 code, the maximum hardness for tube material 91 is 265 HV [3]. 
Based on experience, the low alloy material 91 hardness should not be less than 195 HV. The 
base metal of the tested part was considered still within design specification. The HAZ has 
a low hardness property, which is considered not acceptable, especially 142 HV, which indi-
cates progressive thermal degradation.

Figure 8. The microstructure of Tube 8 shows a crack at different magnification: (a) 250 μm, (b) 100 μm and (c) 30 μm.

Location Average hardness (HV)

Tube 8 Tube 18

Weld joint 206 267

Heat-affected zone (HAZ) 142 185

Base metal 212 220

Base metal 202 221

Table 6. Average hardness value of selected locations of Tube 8 and Tube 18.
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3.5. X-ray fluorescence (XRF) analysis

Using a Niton XLt 898 XRF analyser, a positive material identification (PMI) analysis was car-
ried out on the four tube sections (i.e. Tube 8, Tube 9, Tube 10 and Tube 18). Prior to the analy-
sis, the external surface of each section was ground back to bright metal, and the analysis was 
carried out for three times. For the elements analysed, the average results obtained from both 
analyses on each section are summarized in Table 7, together with the range in composition 
specified for ASTM A213-09 Grade T91, shown for comparison.

Within the limits of the instrument used, the results of the XRF analysis showed that all four 
sections were manufactured using ferritic alloy steel, which conformed to Grade T91, that is the 
specified grade of material. One minor anomaly was the chromium contents of the R3 Tube 18, 
which contained 7.9% Cr, marginally below the minimum specified chromium content of 8.00%.

3.6. Operational assessment

3.6.1. Statistics of failed/repaired tube

The plant had experienced several HRSG tube failures for its HPHTSH section during its 12 years 
of operations. Statistics of the tube failures by locations are as per Failure 14, which shows that the 
majority of the failure has occurred at the right sidewall, followed by the left sidewall. Based on 
computational fluid dynamic (CFD) study done by third-party consultant (Andreas F., 2015), it 
was found that there are uneven flow and temperature distribution of the GAS turbine exhaust gas 
over the HPHTSH section. As shown by the flow study, during the base load operation of 350 MW, 
the flow is mainly concentrated at the two sidewalls while at the minimum load operation of 
210 MW, the flow is channelled only to concentrate at the right-sidewall of the HRSG. Over its  
12 years of operations, these operations had caused some tubes for the section to have higher 
tendency for creep damage as opposed to the others. The failures in the middle section were 
identified to be related to the acoustic baffle plates, which had been resolved in the past.

From the temperature trending, there are significantly more than six readings where the temper-
ature drops below 100°C within 1-year period. The frequent start-stop, especially cold start, may 
accelerate thermal fatigue damage, for example, ligament cracking in stud locations (Figure 9).

Tube no Element (wt%)

Chromium Molybdenum Nickel Manganese Vanadium Niobium

Tube 8 8.40 1.06 0.11 0.52 0.20 0.08

Tube 9 8.10 0.97 0.07 0.52 0.21 0.08

Tube 10 8.40 1.02 0.06 0.49 0.23 0.08

Tube 18 7.90 0.97 0.10 0.55 0.23 0.08

ASTM A213 Grade 
T91

8.00/9.50 0.85/1.05 0.40 max 0.30/0.60 0.18/0.25 0.06/0.10

Table 7. The chemical composition of defective tube [3].
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3.7. Oxide thickness assessment

The location of interest for internal oxide assessment for Tube 8 and Tube 18 is shown in Figure 9.

3.8. Comparison

The steam-side oxide scale of micro specimens of Tube 8 and Tube 18 was measured under 
optical microscope. Both Tube 8 and Tube 18 were found to have undergone excessive steam 
oxidation. The oxide layer had cracked. The oxide thickness was measured and tabulated 
in Figures 10 and 11. The maximum thickness of the steam side oxide scale was 363 μm for 
Tube 8 and 390 μm for Tube 18.

Based from steam oxidation calculation [4], the thick oxide scale suggested that both Tube 8 
and Tube 18 had been exposed to temperature in excess of 615°C as compared to material speci-
fication of SA 213T91 (design temperature, 602°C). The two tubes had experienced long-term 
overheating during operation.

Figure 9. Dimensional reference of oxide thickness measurement.

Figure 10. Internal oxide thickness at Tube 8 (fracture area).
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From the steam oxide calculation, the oxide-filled fracture paths indicated that the cracks had 
existed for more than 7000 h. Table 8 shows the oxide calculation based on oxide model.

Both the tubes (i.e. Tube 8 and Tube 18) have been exposed to temperatures of more than 600°C 
as compared to material specification of SA 213T91, where the design temperature is only 
602°C. With this exposure, it had further promoted degradation of tubes material and forma-
tion of creep cavities. For fracture surface at Tube 8, with oxide thickness of 118 μm, the crack 
had been initiated for 8982 h. For fracture surface at Tube 18, with oxide thickness of 107 μm, 
the crack had been initiated for 7722 h.

3.9. Summary of analysis

The cracking showed the following characteristics:

a. Fairly straight

b. Mainly transgranular

Figure 11. Internal oxide thickness at Tube 18 (remote area).

Tube Average oxide thickness (μm) Exposure temperature (°C) Exposure hour

Tube 8 (internal fracture) 363 630.74 85,000

Tube 8 (internal remote) 270 610.4 85,000

Tube 8 (fracture surface) 118 630.74 8982

Tube 18 (internal fracture) 355 629.18 85,000

Tube 18 (internal remote) 322 622.4 85,000

Tube 18 (fracture surface) 107 629.18 7722

Table 8. The correlation between oxide thickness and exposure temperature/hour using oxide kinetic model.
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c. No branching

d. Filled with thick oxides

e. Numerous aligned cavities in the vicinity of the cracks

The above observation suggested that the tubes had likely suffered a combination of two 
damage mechanisms, which were fatigue and short-term creep. The numerous and exten-
sive creep cavities in the HAZ suggested that the tubes at the weld region had undergone 
advanced and progressive creep damage. For Tube 8, microcracks had formed and the creep 
damage was classified as 4 according to rating guideline provided in the NORDTEST NT 
TR 170 (1992) code. For Tube 18, the creep cavities were preferentially oriented and aligned, 
suitably to be classified as 3.3 according to the NORDTEST rating. The heavy thermal deg-
radation was supported by the low hardness readings at the HAZ (minimum 142 HV was 
reported, as compared to acceptable range 200 HV–260 HV). It was obvious that the two tubes 
had undergone time-dependent, high-temperature creep process.

The plant had been operating as peaking plant, and it was subjected to daily start-stop. As the 
HAZ of the connecting tubes had experienced high-temperature creep degradation after 85,000 h 
had elapsed, the creep-fatigue cracks could have initiated at this weak region. The propagation 
was accelerated by the thermal cyclic stress, which was imposed by daily start-stop.

The creep mechanism could have been promoted by the following factors:

a. Defective FCD causing the instability of heat flux distribution, excessive metal tempera-
ture, and localized heating at the tubes (HPHTSH header metal temperatures were high, 
more than 602°C, the T91 limit).

b. Poor quality of HAZ (possibly caused by improper PWHT).

The thermal fatigue could have been promoted by thermal stress imposed by daily start-stop 
cycles.

4. Conclusions and recommendations

The cracks at the HAZ of the Row 3 connecting tubes at HPHTSH header could be attributed 
to creep-fatigue damage. The following contributory factors were identified:

1. Excessive metal temperature, as compared to design value.

2. Low hardness property at HAZ (creep strength was low).

3. Long service exposed hours (85,000 h–approaching 100,000 h).

4. Frequent start-stop cycles.

5. Localized heating due to instable heat flux distribution (contribute to creep)

Nevertheless, the remaining wall thickness had reduced to less than the minimum required 
thickness of 2.8 mm; the tubes were prone to stress-rupture failure, which might have occurred 
in short term. Some of the recommendations are given as follows:
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1. As the connecting tubes had begun to show signs of advanced creep damage at HAZ, there 
is likelihood that the header, especially at the weld and HAZ had also undergone similar 
creep damage. It is recommended to conduct extensive replication and hardness testing at 
all the connecting tubes and header shell during outage opportunities. The area of interest 
is weld and HAZ.

2. The thickness profile of all the affected superheater tubes shall be measured in extensive 
manner during outage opportunities. Tube sections with remaining wall lower than mini-
mum required thickness shall be cut and replaced.

3. As the plant is subjected to daily start-stop recently, it was recommended to conduct bo-
rescope inspection inside header to check for ligament cracking. It was also proposed to 
minimize the request from the single buyer in order to minimize the daily start/stop, thus, 
minimizing the cyclic operation and fatigue stress.

4. The plant should consider on conducting a comprehensive life assessment study on the 
boiler, as the service hours had approached 100,000 h and signs of creep damage had 
emerged.
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c. No branching

d. Filled with thick oxides

e. Numerous aligned cavities in the vicinity of the cracks

The above observation suggested that the tubes had likely suffered a combination of two 
damage mechanisms, which were fatigue and short-term creep. The numerous and exten-
sive creep cavities in the HAZ suggested that the tubes at the weld region had undergone 
advanced and progressive creep damage. For Tube 8, microcracks had formed and the creep 
damage was classified as 4 according to rating guideline provided in the NORDTEST NT 
TR 170 (1992) code. For Tube 18, the creep cavities were preferentially oriented and aligned, 
suitably to be classified as 3.3 according to the NORDTEST rating. The heavy thermal deg-
radation was supported by the low hardness readings at the HAZ (minimum 142 HV was 
reported, as compared to acceptable range 200 HV–260 HV). It was obvious that the two tubes 
had undergone time-dependent, high-temperature creep process.

The plant had been operating as peaking plant, and it was subjected to daily start-stop. As the 
HAZ of the connecting tubes had experienced high-temperature creep degradation after 85,000 h 
had elapsed, the creep-fatigue cracks could have initiated at this weak region. The propagation 
was accelerated by the thermal cyclic stress, which was imposed by daily start-stop.

The creep mechanism could have been promoted by the following factors:

a. Defective FCD causing the instability of heat flux distribution, excessive metal tempera-
ture, and localized heating at the tubes (HPHTSH header metal temperatures were high, 
more than 602°C, the T91 limit).

b. Poor quality of HAZ (possibly caused by improper PWHT).

The thermal fatigue could have been promoted by thermal stress imposed by daily start-stop 
cycles.

4. Conclusions and recommendations

The cracks at the HAZ of the Row 3 connecting tubes at HPHTSH header could be attributed 
to creep-fatigue damage. The following contributory factors were identified:

1. Excessive metal temperature, as compared to design value.

2. Low hardness property at HAZ (creep strength was low).

3. Long service exposed hours (85,000 h–approaching 100,000 h).

4. Frequent start-stop cycles.

5. Localized heating due to instable heat flux distribution (contribute to creep)

Nevertheless, the remaining wall thickness had reduced to less than the minimum required 
thickness of 2.8 mm; the tubes were prone to stress-rupture failure, which might have occurred 
in short term. Some of the recommendations are given as follows:
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1. As the connecting tubes had begun to show signs of advanced creep damage at HAZ, there 
is likelihood that the header, especially at the weld and HAZ had also undergone similar 
creep damage. It is recommended to conduct extensive replication and hardness testing at 
all the connecting tubes and header shell during outage opportunities. The area of interest 
is weld and HAZ.

2. The thickness profile of all the affected superheater tubes shall be measured in extensive 
manner during outage opportunities. Tube sections with remaining wall lower than mini-
mum required thickness shall be cut and replaced.

3. As the plant is subjected to daily start-stop recently, it was recommended to conduct bo-
rescope inspection inside header to check for ligament cracking. It was also proposed to 
minimize the request from the single buyer in order to minimize the daily start/stop, thus, 
minimizing the cyclic operation and fatigue stress.

4. The plant should consider on conducting a comprehensive life assessment study on the 
boiler, as the service hours had approached 100,000 h and signs of creep damage had 
emerged.
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Abstract

The chapter aims to present research results in the field of thick-film resistor failure
analysis based on standard resistance and low-frequency noise measurements. Noise
spectroscopy–based analysis establishes correlation between noise parameters and
parameters of noise sources in these heterogeneous nanostructures. Validity of the
presented model is verified experimentally for resistors operating under extreme work-
ing conditions. For the experimental purposes, thick-film resistors of different sheet
resistances and geometries, realized using commercially available thick-film resistor
compositions, were subjected to high-voltage pulse (HVP) stressing. The obtained
experimental results are qualitatively analysed from microstructure, charge transport
mechanism and low-frequency noise aspects. Correlation between resistance and low-
frequency noise changes with resistor degradation and failure due to high-voltage pulse
stressing is observed.

Keywords: thick-film resistors, low-frequency noise, conducting mechanisms,
high-voltage pulse stressing, failure analysis

1. Introduction

Thick-film technology that has been in continuous use for decades, mostly in commercial and
specialized electronics, is once again increasing interest. The revival of thick-film technology
can be attributed to the increasing application of ceramic micro-electro-mechanical systems
(C-MEMSs) and the communications industry’s need for electronic circuitry with increased
functional capability, reduced weight, improved reliability and environmental stability. When
C-MEMS are in question, thick-film technology provides simultaneous realization of sensor
and actuator elements as well as electronic circuitry for signal processing. In addition, thick-
film resistors, the key assets of thick-film technology, are being used both as sensing and as
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resistive elements. This new application of thick-film resistive materials leads to reduction in
resistor dimensions, higher required tolerances and increasing use of buried components. On
the other hand, increasing application of thick-film devices in communication systems requires
better knowledge of their modulation effects in these systems that are correlated to low-
frequency noise sources in thick resistive films. Since noise investigations are powerful tools
in reliability investigations it is of the great importance to determine whether standard
low-frequency noise measurements can be used in evaluation of these complex structures.
Low-frequency noise in thick-film resistors depends on their microstructure and for that
reason it can be used to track structural changes caused by different types of stressing condi-
tions that affect reliability of the film. Relationship between low-frequency noise and structure
of thick resistive films has mostly been investigated experimentally. The theoretical problem is
not simple because of the thick-film’s quite complex microstructure. The variety of the param-
eters that has to be taken into consideration is certainly one of the most significant limitations.
However, data related to thick-film compositions and technological processes can provide
information about ranges of parameter values. Moreover, the formation of conducting paths
and metal-insulator-metal (MIM) units requires the special attention. For these reasons, this
chapter focuses on the correlation between noise parameters and parameters of noise sources
in thick-film resistors. Firstly, a model of low-frequency noise in thick resistive films that relate
noise parameters to thick-film structural and electrical characteristics is described. Then, fail-
ure analysis of thick-film resistors subjected to high-voltage pulse stressing is presented based
on resistance and low-frequency noise measurements. At the closing subsection, the brief
summary of the topic is presented with an emphasis on the possibility that standard resistance
and noise measurements can be used in degradation and failure analysis of thick resistive
structures under a wide range of extreme working conditions.

2. Low-frequency noise in thick-film resistive structures

Transport of electrical charges in thick-film materials takes place via chains of conducting
particles (Figure 1) [1]. Two adjacent conducting particles in the chain can be sintered or
insulated by a thin, glass barrier thus determining the electrical current flow. Therefore,
metallic conduction and direct tunnelling are dominant conducting mechanisms present in
thick resistive films. Tunnelling via traps is also present in thick-film resistors but it is a
dominant conducting mechanism when thick insulating layers are in question. Since the
insulator layers are thin [2], direct tunnelling is one of the dominant conduction mecha-
nisms [3]. For low applied voltages VB ≫ΦB, where ΦB is the height of the potential barrier,
the applied voltage and the current are proportional. Resistance of the resistor is determined
by the barrier resistance. Trap at the location x1, shown in Figure 1, is being randomly
occupied by electron. Therefore, its presence modulates the direct tunnelling current. Because
of the barrier height, field and thermal injection effects are neglected.

Low-frequency noise sources in these noisy devices are correlated to following conducting
mechanisms:

Failure Analysis and Prevention64

1. Metallic conduction

Hooge’s empirical expression [4] describes low-frequency relative voltage noise spectrum
for conduction through conductive grains and contacts between them:

SVC
V2

C
¼ α

Vefnf
, ð1Þ

where α is the Hooge numerical parameter of the order of 10�3, while Vef and n are the
effective volume of sintered contact and free carriers concentration in the contact region,
respectively. Hooge’s expression is used as the empirical relation with the effective param-
eters in order to express 1/f noise, which is a consequence of contact and particle resistivity
fluctuations.

2. Tunnelling processes

When conduction through glass barriers is in question, low-frequency fluctuations of tunnel-
ling processes are correlated to the glass matrix space charge fluctuations. These fluctuations
can be caused by the presence of traps in glass barriers and fluctuations caused by the
thermal noise in the glass matrix [5]. If it is assumed that potential barrier height fluctuations
are caused by Nyquist noise of the insulator, then the relative voltage noise spectrum due to
the Nyquist noise modulation can be given by the following expression [1, 5]:
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where q and m are the electron charge and its effective mass, h is the Planck’s constant, k is
the Boltzmann’s constant, T is the absolute temperature, s is the thickness of the insulating
layer, tgδ is the loss tangent of the insulator, ΦB is the potential barrier height measured
with respect to the Fermi energy and C is the capacitance of metal-insulator-metal (MIM)

Figure 1. Schematic presentation of thick-film resistor and a segment of a chain where adjacent conducting particles are
separated by thin insulating layers.
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unit [1] that consists of two spherical conducting particles separated by a thin insulating
layer.

If it is assumed that MIM insulating layers contain traps, the trap may be of neutral or negative
charge. The trap may have negative charge as a consequence of occupation by electron during
the tunnelling process. The trap occupation function fluctuation induces the barrier height
fluctuation due to the local charge fluctuation. In calculations of noise spectrum due to the
trap occupation fluctuations, the following is taken into account:

i. the greatest contribution to the noise is the traps with energies equal to the Fermi level in
the conducting particle,

ii. the potential barrier is rectangular and of height ΦB and width s, and

iii. the applied voltage VB is low, i.e. VB ≫ΦB:

In that case, the relative voltage noise spectrum due to the presence of traps in glass barriers is
given by the following expression [6, 7]:
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where x1 is the position of the trap (Figure 1), A is the barrier cross-section, ε0 is the vacuum
electrical permittivity, εr is the relative electrical permittivity of the glass, while χ and θ are
parameters given by the following expressions:
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where jkj is the electron wave vector magnitude. The concentration n(E) is the free electron
concentration in the conducting particle, with energy E equal to the Fermi energy Efm. C1 and
C2 are constants of electron capture and emission. The random occupation of the trap depends
on the random tunnelling of the electron between two particles separated by a thin glass
barrier that contains the trap. As the consequence of the presence of the single-energy level
trap, Lorentzian terms may be present in low-frequency noise spectrum of the resistor. The
distribution of the trap energy levels can result in noise spectrum with 1/f γ dependence (γ ¼ 1
or γ 6¼ 1) [8].
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Under assumption that thick-film resistor can be viewed as the complex network [1] that
consists ofM parallel chains and that one chain consists of KC contacts and KB MIM units, then
the total resistance of the resistor is given by

R ¼ KCRC þ KBRB

M2 , ð7Þ

where RC is the resistance of the sintered contact between two neighbouring conducting
particles and RB is the barrier resistance. Resistance of the sintered contact between two
adjacent conducting particles is determined by the specific resistance of the contact ρ and the
radius of the barrier cross section a [1]:

RC ¼ ρ
πa

: ð8Þ

In the case of neighbouring particles separated by a thin glass barrier, resistance of the MIM
unit is determined by the barrier resistance [1]:

RB ¼ h2s

q2A 2mqΦBð Þ1=2
exp

32π2mqs2ΦB
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" #

: ð9Þ

The tunnelling area A can be calculated as A ¼ πa2, where a is the radius of the area that
depends on the diameter d of the conducting particle.

Figure 2. Contributions of different kinds of the noise sources in the total voltage noise spectrum (continuous line) as
calculated using Eq. (10) (1—thermal noise; 2, 3—noise due to the presence of traps in glass barriers; and 4—1/f noise) [6].
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where jkj is the electron wave vector magnitude. The concentration n(E) is the free electron
concentration in the conducting particle, with energy E equal to the Fermi energy Efm. C1 and
C2 are constants of electron capture and emission. The random occupation of the trap depends
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The total relative voltage noise spectrum is therefore given by the following expression [6]:
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where NB, NT and NC are the total number of barriers, traps and contacts, respectively, taking
part in the conduction process between two opposite electrodes.

Contributions of different kinds of noise sources included in Eq. (10) are shown in Figure 2.
These results are obtained by numerical simulation for parameter values: s¼ 1.33 nm, d¼ 150 nm,
a¼ 6.2 nm,NB¼ 3.8� 108,NC¼ 4.6� 109,NT¼ 6.9� 109 and R¼ 100 kΩ [6]. 1/f noise and noise
due to the presence of traps in glass barriers are included along with two Lorentzian terms ( fC1 ¼
115 Hz and fC2 ¼ 1.1 kHz). The contribution of the noise due to the conduction through the
conductive grains or contacts between the adjacent ones is negligible, and, therefore, is not shown
in Figure 2.

3. Failure analysis of thick-film resistors subjected to high-voltage pulse
stressing

Different conditions of thick-film resistor application have induced the need to investigate
their behaviour under stress, especially high-voltage pulse stress. The most of the published
data dealt with trimming of thick resistive films by energy of high-voltage pulses (HVP
trimming) [9, 10]—a trimming method based on internal discharges using both thick-film
resistor terminations as electrodes for applying the high-voltage energy to the resistor body.
Moreover, several papers explored properties of thick-film surge resistors [11] that serve as
protection of communication systems from a variety of voltage disturbances such as short
duration, high-voltage transients caused by lightning strikes or longer duration over voltages.
Nowadays, the revival of thick-film technology that can be attributed to new applications of
thick-film resistors induced the necessity of extensive behavioural studies related to undesir-
able high-voltage pulse stressing of conventional thick resistive films [12–14].

In order to qualitatively analyse the influence of high-voltage pulsing on thick-film resistors,
pulse performances have been investigated using a model of low-frequency noise in thick
resistive films presented in the previous chapter. Behavioural analysis of thick-film resistors
subjected to high-voltage pulse stressing was performed using several groups of thick-film test
samples with different resistor geometries (Figure 3) realized using commercially available
RuO2 and Bi2Ru2O7 mixture-based-thick-film resistor compositions in combination with Pd/Ag
conductor composition. Test samples were formed on ceramic alumina (96% Al2O3) substrates
using conventional screen-printing techniques. After 15 min levelling at 21�C, wet layers were
dried at 150�C in a conveyer infrared drier for 10 min. Dry resistive films were 25 � 3 μm thick.
Firing was performed using standard 30-min cycle (Tmax ¼ 850�C, tmax ¼ 10 min). Pulse perfor-
mances have been investigated using 100/700 μs pulses delivered by Haefely P6T impulse tester
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with an output resistance of 25 Ω. Following experimental set-up was used: 1.5–4.0 kV voltage
range, 10 pulse series, 6 pulses/min frequency, T ¼ 21�C. Testing conditions were selected in
compliance with ITU-T K.20 standard that refers to the resistibility of telecommunication equip-
ment to over-voltages and over-currents. Keithley nanovolt amplifier, Model 103A, was used for
voltage noise spectrum measurements along with Hewlett-Packard dynamic signal analyzer
3561B in the 10 Hz to 10 kHz frequency range. A noise index [15] was also measured in
compliance with the test method standard for electronic and electrical component parts MIL-
STD-202D, Method 308, at 1 kHz. For noise index measurements, Quan-Tech Resistor Noise Test
Set, Model 315B was used. Hewlett-Packard 34401A instrument was used for resistance mea-
surements.

Table 1 and Figure 4 [12] present typical results obtained by noise and resistance measure-
ments for 10 and 100 kΩ/sq test resistors that were exposed to the high-voltage treatment.
Resistors with identical 1 � 2 mm2 geometries suffered degradation but they did not cata-
strophically fail. Results obtained by noise index, voltage noise spectrum and resistance

Figure 3. Thick-film test resistors of different lengths and widths used in experimental investigations.

Degradation Catastrophic failure

Rsq (kΩ/sq) 10 100 Rsq(kΩ/sq) 10 100

RN (kΩ) 16 220 RN (kΩ) 8 110

Ri (kΩ) 15.942 220.060 Ri (kΩ) 7.842 111.92

Rs (kΩ) 15.490 217.650 RS (kΩ) 22.55 11.8(!105.5)

SRi (Ω
2/Hz) 2.508 � 10�7 2.45 � 10�4 SRi (Ω

2/Hz) 9.89 � 10�8 2.48 � 10�4

SRs (Ω
2/Hz) 5.2289 � 10�5 2.4 � 10�3 SRs (Ω

2/Hz) 1.5 � 10�2 7.13 � 10�4

NIi (dB) �23.8 �7.5 NIi (dB) �15.2 7

NIs (dB) �0.8 0.5 NIs (dB) 21.7 24.2

Table 1. Resistor parameters before (i) and after (s) high-voltage pulse stressing [12].
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The total relative voltage noise spectrum is therefore given by the following expression [6]:
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where NB, NT and NC are the total number of barriers, traps and contacts, respectively, taking
part in the conduction process between two opposite electrodes.

Contributions of different kinds of noise sources included in Eq. (10) are shown in Figure 2.
These results are obtained by numerical simulation for parameter values: s¼ 1.33 nm, d¼ 150 nm,
a¼ 6.2 nm,NB¼ 3.8� 108,NC¼ 4.6� 109,NT¼ 6.9� 109 and R¼ 100 kΩ [6]. 1/f noise and noise
due to the presence of traps in glass barriers are included along with two Lorentzian terms ( fC1 ¼
115 Hz and fC2 ¼ 1.1 kHz). The contribution of the noise due to the conduction through the
conductive grains or contacts between the adjacent ones is negligible, and, therefore, is not shown
in Figure 2.

3. Failure analysis of thick-film resistors subjected to high-voltage pulse
stressing

Different conditions of thick-film resistor application have induced the need to investigate
their behaviour under stress, especially high-voltage pulse stress. The most of the published
data dealt with trimming of thick resistive films by energy of high-voltage pulses (HVP
trimming) [9, 10]—a trimming method based on internal discharges using both thick-film
resistor terminations as electrodes for applying the high-voltage energy to the resistor body.
Moreover, several papers explored properties of thick-film surge resistors [11] that serve as
protection of communication systems from a variety of voltage disturbances such as short
duration, high-voltage transients caused by lightning strikes or longer duration over voltages.
Nowadays, the revival of thick-film technology that can be attributed to new applications of
thick-film resistors induced the necessity of extensive behavioural studies related to undesir-
able high-voltage pulse stressing of conventional thick resistive films [12–14].

In order to qualitatively analyse the influence of high-voltage pulsing on thick-film resistors,
pulse performances have been investigated using a model of low-frequency noise in thick
resistive films presented in the previous chapter. Behavioural analysis of thick-film resistors
subjected to high-voltage pulse stressing was performed using several groups of thick-film test
samples with different resistor geometries (Figure 3) realized using commercially available
RuO2 and Bi2Ru2O7 mixture-based-thick-film resistor compositions in combination with Pd/Ag
conductor composition. Test samples were formed on ceramic alumina (96% Al2O3) substrates
using conventional screen-printing techniques. After 15 min levelling at 21�C, wet layers were
dried at 150�C in a conveyer infrared drier for 10 min. Dry resistive films were 25 � 3 μm thick.
Firing was performed using standard 30-min cycle (Tmax ¼ 850�C, tmax ¼ 10 min). Pulse perfor-
mances have been investigated using 100/700 μs pulses delivered by Haefely P6T impulse tester
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with an output resistance of 25 Ω. Following experimental set-up was used: 1.5–4.0 kV voltage
range, 10 pulse series, 6 pulses/min frequency, T ¼ 21�C. Testing conditions were selected in
compliance with ITU-T K.20 standard that refers to the resistibility of telecommunication equip-
ment to over-voltages and over-currents. Keithley nanovolt amplifier, Model 103A, was used for
voltage noise spectrum measurements along with Hewlett-Packard dynamic signal analyzer
3561B in the 10 Hz to 10 kHz frequency range. A noise index [15] was also measured in
compliance with the test method standard for electronic and electrical component parts MIL-
STD-202D, Method 308, at 1 kHz. For noise index measurements, Quan-Tech Resistor Noise Test
Set, Model 315B was used. Hewlett-Packard 34401A instrument was used for resistance mea-
surements.

Table 1 and Figure 4 [12] present typical results obtained by noise and resistance measure-
ments for 10 and 100 kΩ/sq test resistors that were exposed to the high-voltage treatment.
Resistors with identical 1 � 2 mm2 geometries suffered degradation but they did not cata-
strophically fail. Results obtained by noise index, voltage noise spectrum and resistance

Figure 3. Thick-film test resistors of different lengths and widths used in experimental investigations.

Degradation Catastrophic failure

Rsq (kΩ/sq) 10 100 Rsq(kΩ/sq) 10 100

RN (kΩ) 16 220 RN (kΩ) 8 110

Ri (kΩ) 15.942 220.060 Ri (kΩ) 7.842 111.92

Rs (kΩ) 15.490 217.650 RS (kΩ) 22.55 11.8(!105.5)

SRi (Ω
2/Hz) 2.508 � 10�7 2.45 � 10�4 SRi (Ω

2/Hz) 9.89 � 10�8 2.48 � 10�4

SRs (Ω
2/Hz) 5.2289 � 10�5 2.4 � 10�3 SRs (Ω

2/Hz) 1.5 � 10�2 7.13 � 10�4

NIi (dB) �23.8 �7.5 NIi (dB) �15.2 7

NIs (dB) �0.8 0.5 NIs (dB) 21.7 24.2

Table 1. Resistor parameters before (i) and after (s) high-voltage pulse stressing [12].
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measurements are given for resistors with a nominal resistance of 16 kΩ that were subjected to
the impact of eleven 1500 V pulses and a single 3000 V pulse and resistors with a nominal
resistance of 220 kΩ that were subjected to the impact of eleven 1500 V pulses and eleven 3000
V pulses. After impacts of the first and the tenth pulse from the series of pulses with the same
amplitude, voltage noise spectrum and resistance measurements were performed. Results for
two series of degraded resistors (10 and 100 kΩ/sq) and two resistors that suffered catastrophic
failure are given in Table 1. Sheet resistances, Rsq, nominal resistances, RN, resistances, R,
resistance noise spectra, SR, and noise indexes, NI, before (i) and after (s) high-voltage pulse
treatment are presented.

Results given in Table 1 show that resistance decreases with high-voltage pulse treatment of
thick resistive films. The relative resistance change for both groups of resistors is of the order
of several percents. This change although small is higher for 10 kΩ/sq resistors (3%) than for
100 kΩ/sq resistors (1%).

Figure 4 presents the experimental results for resistance noise spectra before and after high-
voltage pulse stressing. Since the voltage noise spectrum depends on current I, the measured
values for the voltage noise spectrum were used for resistance noise spectrum (SR ¼ SV/I

2)
calculations. Compliance of voltage and resistance noise spectra, which is in agreement with

Figure 4. Experimental results for voltage and resistance noise spectra (◆—before pulse stressing, ■—after pulse
stressing), for thick-film resistors with following nominal resistances: R ¼ 16 kΩ (a, b) and R ¼ 220 kΩ (c) [12].
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Ohms law, is shown in Figure 4a and b. An increase of resistance noise due to high-voltage
treatment is observed. Resistors based on compositions with higher sheet resistances exhibit
smaller final change of the resistance noise. Since the same test conditions were applied to all
test samples, the obtained results were expected. Results for all test resistors presented in
Table 1 show that measured resistance changes are less distinguished than the measured
resistor noise spectrum changes.

High-voltage pulse stressing caused microscopic changes in thick resistive films that manifested
in presented results. Thick resistive films are complex conductive networks. These conductive
networks are result of the sintering processes. Transport of electrical charges takes place via a
number of conducting chains. These chains consist of clusters of particles (particles that are in
contact) and neighbouring particles separated by thin glass barriers (MIM units). Therefore, the
current flow is being determined bymetallic conduction through clusters of particles and tunnel-
ling through glass barriers. Multiple tunnelling processes take place when the traps are present
in glass barriers. Impurities introduced during technological processes and partial dissolution of
metal-oxide in glass are responsible for the presence of traps. During high-voltage treatment,
resistance change occurs due to barrier and contact resistance changes. High-voltage pulse
stressing induces electrical field inside metal-insulator-metal unit that is not sufficient to induce
dielectric breakthrough and therefore a decrease in the resistance due to the increase in a number
of contacts between neighbouring particles does not occur. It is more likely that high-voltage
treatment affects electrical charges captured within thin glass layers between neighbouring
conducting particles or that the concentration of traps increases due to changes in microstructure
of the resistor thus affecting noise performances of the resistor more than resistance values.
Besides that, resistance decrease may occur due to the conversion of single chain from the non-
conducting state to the conducting state. Under the same straining conditions, depending on the
volume fraction of the conductive phase, thick-film resistor exhibits different changes in resis-
tance values. A conductive/insulating phase ratio determines the microstructure of the thick
resistive film and present conducting mechanisms as it is shown in scanning electron microscopy
(SEM) micrographs of 10 and 100 kΩ/sq thick-film resistors given in Figure 5. It can be seen that
resistors based on compositions with greater sheet resistances have greater content of the glass
phase. For that reason the most of the neighbouring conducting particles are separated by thin
glass barriers. In that case, the conducting mechanism known as multiple tunnelling becomes
dominant. On the other hand, resistors based on compositions with lower sheet resistances have
lower content of the glass phase and therefore large conductive areas are present. In that case, the
conducting mechanism known as metallic conduction is also present. This also means that for
the same voltage pulse, a greater electric field can be achievedwithin the thin glass layer between
two neighbouring particles along with the greater current. For these reasons, resistors with
smaller sheet resistances exhibit greater resistance changes caused by high-voltage treatment.

Measurements of the noise voltage spectrum showed that high-voltage treatment results in the
increase of noise voltage and corresponding resistance noise spectra. Moreover, dominant con-
tribution of the 1/f noise source is observed. High-voltage pulse stressing affects electrons cap-
tured by traps in thin glass barriers that are not directly involved in the conduction. However,
conduction is being modulated by electrical charges captured by traps that alter the height of the
potential barrier of metal-insulator-metal unit. For these reasons, change in the resistance noise
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Ohms law, is shown in Figure 4a and b. An increase of resistance noise due to high-voltage
treatment is observed. Resistors based on compositions with higher sheet resistances exhibit
smaller final change of the resistance noise. Since the same test conditions were applied to all
test samples, the obtained results were expected. Results for all test resistors presented in
Table 1 show that measured resistance changes are less distinguished than the measured
resistor noise spectrum changes.

High-voltage pulse stressing caused microscopic changes in thick resistive films that manifested
in presented results. Thick resistive films are complex conductive networks. These conductive
networks are result of the sintering processes. Transport of electrical charges takes place via a
number of conducting chains. These chains consist of clusters of particles (particles that are in
contact) and neighbouring particles separated by thin glass barriers (MIM units). Therefore, the
current flow is being determined bymetallic conduction through clusters of particles and tunnel-
ling through glass barriers. Multiple tunnelling processes take place when the traps are present
in glass barriers. Impurities introduced during technological processes and partial dissolution of
metal-oxide in glass are responsible for the presence of traps. During high-voltage treatment,
resistance change occurs due to barrier and contact resistance changes. High-voltage pulse
stressing induces electrical field inside metal-insulator-metal unit that is not sufficient to induce
dielectric breakthrough and therefore a decrease in the resistance due to the increase in a number
of contacts between neighbouring particles does not occur. It is more likely that high-voltage
treatment affects electrical charges captured within thin glass layers between neighbouring
conducting particles or that the concentration of traps increases due to changes in microstructure
of the resistor thus affecting noise performances of the resistor more than resistance values.
Besides that, resistance decrease may occur due to the conversion of single chain from the non-
conducting state to the conducting state. Under the same straining conditions, depending on the
volume fraction of the conductive phase, thick-film resistor exhibits different changes in resis-
tance values. A conductive/insulating phase ratio determines the microstructure of the thick
resistive film and present conducting mechanisms as it is shown in scanning electron microscopy
(SEM) micrographs of 10 and 100 kΩ/sq thick-film resistors given in Figure 5. It can be seen that
resistors based on compositions with greater sheet resistances have greater content of the glass
phase. For that reason the most of the neighbouring conducting particles are separated by thin
glass barriers. In that case, the conducting mechanism known as multiple tunnelling becomes
dominant. On the other hand, resistors based on compositions with lower sheet resistances have
lower content of the glass phase and therefore large conductive areas are present. In that case, the
conducting mechanism known as metallic conduction is also present. This also means that for
the same voltage pulse, a greater electric field can be achievedwithin the thin glass layer between
two neighbouring particles along with the greater current. For these reasons, resistors with
smaller sheet resistances exhibit greater resistance changes caused by high-voltage treatment.

Measurements of the noise voltage spectrum showed that high-voltage treatment results in the
increase of noise voltage and corresponding resistance noise spectra. Moreover, dominant con-
tribution of the 1/f noise source is observed. High-voltage pulse stressing affects electrons cap-
tured by traps in thin glass barriers that are not directly involved in the conduction. However,
conduction is being modulated by electrical charges captured by traps that alter the height of the
potential barrier of metal-insulator-metal unit. For these reasons, change in the resistance noise
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Figure 5. SEM micrographs of 10 kΩ/sq (a) and 100 kΩ/sq (b) thick-film resistors fired for 10 min at 850�C [12].
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spectrum is considerably higher than change in resistance values before and after high-voltage
pulse stressing. It confirms the presumption that low-frequency noise exhibits greater sensitivity
to changes at the microstructural level than resistance. Besides that, resistors formed using
compositions with higher sheet resistances exhibit smaller resistance noise spectrum changes.
Since it is noted that contacts between neighbouring conducting particles negligibly affect low-
frequency noise, such behaviour can be attributed to differing spatial distributions of traps in
resistors based on compositions with different sheet resistances. Along with measurements of
noise voltage spectrum, noise index [15] measurements were performed since noise index is well
known as one of the standard quality and reliability indicators used in the fabrication of thick
resistive films. Noise index was measured before and after performed stressing. Measurements
showed increasing noise index values due to applied stressing. As expected, the observed noise
index increase is in agreement with the resistance noise spectrummeasurements having in mind
the noise index definition. However, noise spectra measurements can provide additional infor-
mation regarding noise nature and sources that are related to microstructural properties of thick
resistive films and present conducting mechanisms.

High-voltage treatment caused numerous catastrophic failures in tested resistors [12]. Figure 6
shows failed 100 kΩ/sq thick-film resistor that was exposed to eleven 1500 V pulses and a
single 3000 V pulse. A resistor with the initial resistance of R ¼ 111.92 kΩ was covered with
fine Ag powder that migrated from the contact area between resistive film and conducting
path. Ag powder affected resistance of the resistor by decreasing its value. After the mechan-
ical removal of the powder resistor regained its 100 kΩ value and damaged area became
visible. As it can be seen from Figure 6a, the segregation of the resistive film took place. The
cause of the failure is probably a faulty technological process that introduced impurities in
the resistive film. The micrograph of the failure spot shown in Figure 6b showed that thin
resistive layers still remained present in the failure region. The ratio between the glass and

Figure 6. Photograph of 100 kΩ/sq thick-film resistor that catastrophically failed (a) and micrograph of the damaged area
(b) [12].
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spectrum is considerably higher than change in resistance values before and after high-voltage
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to changes at the microstructural level than resistance. Besides that, resistors formed using
compositions with higher sheet resistances exhibit smaller resistance noise spectrum changes.
Since it is noted that contacts between neighbouring conducting particles negligibly affect low-
frequency noise, such behaviour can be attributed to differing spatial distributions of traps in
resistors based on compositions with different sheet resistances. Along with measurements of
noise voltage spectrum, noise index [15] measurements were performed since noise index is well
known as one of the standard quality and reliability indicators used in the fabrication of thick
resistive films. Noise index was measured before and after performed stressing. Measurements
showed increasing noise index values due to applied stressing. As expected, the observed noise
index increase is in agreement with the resistance noise spectrummeasurements having in mind
the noise index definition. However, noise spectra measurements can provide additional infor-
mation regarding noise nature and sources that are related to microstructural properties of thick
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single 3000 V pulse. A resistor with the initial resistance of R ¼ 111.92 kΩ was covered with
fine Ag powder that migrated from the contact area between resistive film and conducting
path. Ag powder affected resistance of the resistor by decreasing its value. After the mechan-
ical removal of the powder resistor regained its 100 kΩ value and damaged area became
visible. As it can be seen from Figure 6a, the segregation of the resistive film took place. The
cause of the failure is probably a faulty technological process that introduced impurities in
the resistive film. The micrograph of the failure spot shown in Figure 6b showed that thin
resistive layers still remained present in the failure region. The ratio between the glass and

Figure 6. Photograph of 100 kΩ/sq thick-film resistor that catastrophically failed (a) and micrograph of the damaged area
(b) [12].

Thick‐Film Resistor Failure Analysis Based on Low‐Frequency Noise Measurements
http://dx.doi.org/10.5772/intechopen.69442

73



conductive phase was changed because of the higher concentration of the conductive phase
in the surface layer of the resistor. Several factors affected the performances of this resistor.
High-voltage treatment affected both the microstructure and macrostructure of the resistor,
introduced visible physical damage and damage caused by mechanical removal of thin layer
of Ag powder.

In order to prove that high-voltage treatment caused microstructural changes in noise index
and resistance noise spectra were measured. Figure 7 and Table 1 show that noise perfor-
mances of the failed resistor were in correlation with noise performances of resistors that did
not suffer failure. The segregated area accidentally did not strongly affect microstructure of the
resistor. A thin conducting layer that remained at the failure spot probably had a shunting
effect that compensated decreased thickness of the resistive film.

Figure 8a shows the failed 10 kΩ/sq thick-film resistor. The conducting film, as well as the contact
area between resistive and conductive film, was damaged after the impact of a single 1500 V
pulse. The possible cause of this occurrence may be defect migration or poorly formed contact
between resistor and neighbouring conducting path. Resistance increase confirmed that the
resistor area was affected. However, it cannot be concluded how this defect influenced the

Figure 7. Experimental results for resistance noise spectrum (◆—before pulse stressing, ■—after pulse stressing) for
catastrophically failed thick-film resistor with the initial resistance R ¼ 111.92 kΩ [12].
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frequency-dependent part of the low-frequency noise spectrum. According to the results given in
previous figures, the resistance noise spectrum and noise index increases (Figure 8b and Table 1)
are probably mainly related to changes in the microstructure of the resistive layer.

Figure 9 shows catastrophically failed resistor with a sheet resistance of 1 kΩ/sq [14]. Resis-
tance of the thick-film resistor gradually increased with high-voltage pulse treatment until
pulse amplitude reached its critical level at which resistor suffered catastrophic failure due to
the excess loaded voltage. Both resistive film and conducting path were visibly damaged. As
expected, pulse stressing also affected noise performances of the resistor. Noise index gradu-
ally increased with applied stressing until failures occurred resulting in maximal noise index
values (Figure 9a). Figure 9b illustrates this mode of catastrophic failure.

During the high-voltage pulse treatment, destruction of the resistor may also occur. Conducting
path degradation may lead to the dispersion of the conductive material to the resistor area
resulting in the presence of local hot spots and resistor burning and evaporation. A typical
example of this mode of catastrophic failure is shown in Figure 10.

During testing, several encapsulated resistors suffered progressive resistor degradation that
led to catastrophic failure [13]. The photograph of the characteristic mode of progressive
10 kΩ/sq resistor degradation due to thermal effects induced by high-voltage treatment is
given in Figure 11. Note that 10 kΩ/sq resistor was subjected to high-voltage pulse treatment
using pulses with 3 and 4 kV amplitudes. With each applied 3 kV pulse resistor gradually
degraded. At first, glass encapsulant started to melt and with further stressing several areas
of thick resistive film became fully exposed to the environment. After increasing the pulse
amplitude to 4 kV catastrophic failure took place. Thick resistive film burned and evaporated.
The volume of the resistor decreased resulting in 430% resistance increase. The reported noise
index values were in accordance with resistance values. Unacceptably high resistance and
noise index values registering strain induced degradations along with diminished integrity of
the resistive layer qualified this test resistor as unreliable.

Figure 8. Photograph of catastrophically failed thick-film resistor (a) with the initial resistance R ¼ 7.842 kΩ and
experimental results for resistance noise spectrum (◆—before pulse stressing, ■—after pulse stressing) (b) [12].
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Figure 10. Photograph of catastrophically failed thick-film resistor due to the presence of hot spots caused by conducting
material dispersion.

Figure 9. Experimental results for relative resistance changes and noise index during high-voltage pulse stressing of
1 kΩ/sq thick-film resistor (a) and a photograph of catastrophically failed resistor with designated failure points (b) [14].
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Figure 11. Photographs of progressive resistor degradation due to high-voltage pulse stressing: melting of glass
encapsulant, direct exposure of resistive layer to surrounding atmosphere and burned and partially evaporated resistive
layer [13].
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Figure 11. Photographs of progressive resistor degradation due to high-voltage pulse stressing: melting of glass
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It should be mentioned that the failure of resistive layers due to high-voltage pulse stressing is
often accompanied by the failure of conducting paths. The characteristics of failure modes for
thick-film conducting paths are shown in Figure 12. The high-voltage treatment may diminish
conducting path integrity causing burning and evaporation of conducting path segments.

4. Conclusion

Degradation and failure analysis of thick-film resistors is identified as the constant manufac-
turers challenge due to the growing market of C-MEMS devices and reliable communication
systems. These contemporary applications of thick resistive materials induced the need to
investigate their behaviour under various stressing conditions, especially electrical stressing
conditions. On the other hand, there is a growing interest in noise measurements as means of
thick-film resistor quality evaluation and evaluation of degradation under stress. For these
reasons, this chapter presented the study of high-voltage pulse stressing effects on thick-film
resistors based on the model of low-frequency noise in thick-film structures based on
close relationship of the noise and conduction mechanisms. Correlation between resistance
and low-frequency noise changes and high-voltage pulse stressing was observed and qualita-
tive degradation and failure analysis was performed based on standard noise and resistance
measurements. Several catastrophically failed resistors were presented and their failure modes
were analysed. Results presented in this chapter confirmed that standard resistance and noise
measurements can be used in degradation and failure analysis of thick resistive structures.

Figure 12. Photographs of failed conducting paths.
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They aim to open new prospects for further investigations and quantitative analysis that may
result in a method of diagnostic of microstructure effects as well as improved quality assess-
ment of thick-film resistors under a wide range of extreme working conditions.
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It should be mentioned that the failure of resistive layers due to high-voltage pulse stressing is
often accompanied by the failure of conducting paths. The characteristics of failure modes for
thick-film conducting paths are shown in Figure 12. The high-voltage treatment may diminish
conducting path integrity causing burning and evaporation of conducting path segments.

4. Conclusion

Degradation and failure analysis of thick-film resistors is identified as the constant manufac-
turers challenge due to the growing market of C-MEMS devices and reliable communication
systems. These contemporary applications of thick resistive materials induced the need to
investigate their behaviour under various stressing conditions, especially electrical stressing
conditions. On the other hand, there is a growing interest in noise measurements as means of
thick-film resistor quality evaluation and evaluation of degradation under stress. For these
reasons, this chapter presented the study of high-voltage pulse stressing effects on thick-film
resistors based on the model of low-frequency noise in thick-film structures based on
close relationship of the noise and conduction mechanisms. Correlation between resistance
and low-frequency noise changes and high-voltage pulse stressing was observed and qualita-
tive degradation and failure analysis was performed based on standard noise and resistance
measurements. Several catastrophically failed resistors were presented and their failure modes
were analysed. Results presented in this chapter confirmed that standard resistance and noise
measurements can be used in degradation and failure analysis of thick resistive structures.

Figure 12. Photographs of failed conducting paths.
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They aim to open new prospects for further investigations and quantitative analysis that may
result in a method of diagnostic of microstructure effects as well as improved quality assess-
ment of thick-film resistors under a wide range of extreme working conditions.
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Abstract

The anisotropic nature of composite materials, specifically fiber reinforced plastics
(FRPs), constitutes them a material category with adaptable mechanical properties,
appropriate for the application they are being designed for. The stacking sequence
choice of FRP laminates allows for the optimization of their strength, stiffness, and
weight to the desired design requirements. The anisotropic nature of composites is also
responsible for the different failure modes that they experience, which are based on the
accumulation of damage, rather than crack initiation and propagation as the majority of
homogeneous isotropic materials. This chapter discusses the background theory for
determining the stress distribution in a laminated FRP, the possible failure modes occur-
ring in composites, the failure criteria predicting the onset of failure, as well as cumula-
tive damage models predicting the fatigue life of laminates.

Keywords: anisotropy, transverse isotropy, stacking sequence, fiber reinforced plastics
(FRPs), laminates, classical lamination theory, failure criteria, cumulative damage
models, fatigue

1. Introduction

Lighter and more durable structures have become the focus of the majority of industries. From
aviation and automotive to the battery industry, research and development sectors turn to
polymer based reinforced composite materials as an alternative to metals. Fiber reinforced
plastics (FRPs) are synthetic composites of epoxy resin and fibrous high strength materials.
They have high strength and stiffness, are much lighter than their metal counterparts, and in
the majority of cases show high resistance to corrosion [1].

FRPs offer the option of building components tailored to the desired properties for the des-
tined applications. It is specifically FRP laminates, having unidirectional, long fiber reinforce-
ment that can be optimized to provide the desired strength and stiffness at a low desirable
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weight. As it will be shown later in this chapter, optimizing the fiber orientation in FRPs helps
design and build optimum laminated structures.

Composite materials, by definition, are made of two or more constituent materials insoluble in
each other. As a result, they are heterogeneous in nature. Specifically FRPs, composed of an
epoxy resin matrix and a fibrous reinforcing phase, are heterogeneous and also highly aniso-
tropic. It is imperative therefore, to account for this anisotropic nature and how it can affect the
failure mechanisms of FRPs.

However, before the failure concepts in FRPs are addressed, it is imperative to define failure.
What is failure, and how is it perceived? Failure is best defined as the point where a component
seizes to perform adequately for the application it is designed for. Whether failure is expressed
as catastrophic, similar to fracture of a metal component, or as degradation of mechanical
properties of the material, for example due to creep, it is important to understand the mecha-
nisms that can lead to any type of undesired failure and design the component against it.

This chapter will address the anisotropic and heterogeneous nature of FRPs, when it is most
important to be accounted for, and how it is linked to estimating the strength and mechanical
properties of FRPs. It will then discuss the different possible mechanical failure modes in
composites and introduce some common criteria to predict the onset of failure. Cumulative
damage is a failure concept for FRPs, and it is closely related to fatigue. The effect of some
cumulative damage models will be shown.

2. Anisotropic heterogeneous materials

As mentioned above, composite materials are the result of the combination of two or more
material phases insoluble in each other. FRPs in particular, have two phases: an epoxy resin
matrix and a fiber-reinforcing phase. Each phase offers different properties and qualities to the
composite, and depending on how the two phases are combined together, i.e. what volume
percent of the total material is occupied by the matrix and the fibers, the properties of the
composite will be different.

The matrix phase in FRPs is assumed to be a homogeneous isotropic material. However, it is the
reinforcing phase that is responsible for the anisotropic nature of the composite. Fiber reinforce-
ment may take different forms. FRPs may be reinforced by long unidirectional fibers, by long
fibers woven in different ways, or short, chopped fibers scattered in the matrix. Although the
failure modes discussed later in this chapter refer to all three types of FRPs presented above, the
failure criteria and some examples of glass fiber reinforced plastics (GFRPs) discussed below,
only concern laminated unidirectional FRPs reinforced with long fibers.

A convenient manufacturing process for FRPs is lamination. Laminated FRPs are structures
composed of more than one layer of FRPs, often referred to as plies or laminae. Each lamina
has a specified fiber orientation, as well as a given volumetric fraction of each phase. The way
in which the laminae of different orientations are stacked on top of each other constitutes the
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stacking sequence of the laminate, which determines to a large degree the mechanical proper-
ties of the laminate.

Many times in the analysis of composite components, an FRP laminate is viewed as a homoge-
neous, isotropic material having bulk mechanical properties. This is a practice often followed
when the laminate is viewed macroscopically and attention is paid more on its geometry and
loading conditions, rather than the specific effect of its properties. For example, a laminated beam
may be considered as a homogenous component if its deflection is to be estimated under pre-
scribed loading conditions, as is the case of an airplane wing. On the other hand, when investi-
gating the strength, stiffness, and designing against failure, the anisotropic and heterogeneous
nature of the FRP should be accounted for. This is when analysis moves from the macroscopic
lever to the lamina or even to the microscopic level, investigating each of the constituent materials,
matrix and reinforcement, and their interface individually. The failure criteria presented below
will focus on the lamina level.

As mentioned above, the composite material mechanical properties are different from those of
the constituent materials, and depend on the volume fraction of each phase present. Rules of
mixtures, is a simple model that allows calculation of the elastic properties of the FRP, from
those of its constituent materials. Rules of mixtures and the Halpin-Tsai equations are shown
below as a means of determining Young’s modulus (Ei) and Poisson’s ratios (vij), as bulk
material properties. The Young’s modulus of the composite will vary in the three directions of
the material, due to its anisotropic nature, as shown in Eqs. (1) and (2). The Shear Modulus (Gij)
(Eq. (3)) is estimated by Halpin-Tsai equations, while the shear moduli G23=G32 are estimated
using Rules of Mixtures. The bulk moduli (K) are expressed in in Eq. (5 a-c), and are used in
calculating Poisson’s Ratios using Rules of Mixtures (Eqs. (6) and (7)) [2].

E1 ¼ 1� fð ÞEm þ f Ef (1)

E2 ¼ E3 ¼ Em
1þ ξηfð Þ
1� ηfð Þ (2)

G12 ¼ G21 ¼ G13 ¼ G31 ¼ Gm 1þ ξηfð Þ
1� ηfð Þ (3)

where the subscripts m and f, refer to matrix and fiber, respectively, and 1,2,3, to the direction-
ality of the material. The constant f is the volume fraction of fibers in the composite such that
0 ≤ f ≤ 1, ξ ≈ 1, and

η ¼
Ef

Em
� 1

� �

Ef

Em
þ ξ

� � or η ¼
Gf

Gm
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Gm
þ ξ

� � (4)

K ¼ f
Kf

þ 1� fð Þ
Km
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ties of the laminate.
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Kf ¼
Ef

3 1� 2νf
� � (5b)

Km ¼ Em

3 1� 2νmð Þ (5c)

ν12 ¼ 1� fð Þνm þ f νf (6)

ν23 ¼ 1� ν21 � E2

3K
(7)

The above equations show the effect of the constituent materials volume fractions to the
stiffness of the composite.

The strength of the FRP becomes not only an important aspect in designing against failure, but
also a parameter that can be optimized in order to build a lamina and consequently a laminate
of high strength, desirable stiffness, and low weight. As will be shown below, the strength of
the FRP can be optimized using an optimum stacking sequence, which involves laminae of
different fiber orientations stacked in a specific order. Determining the strength involves
therefore, not only accounting for the heterogeneity of the material as in rules of mixtures, but
most importantly for the anisotropy of the material, and using this anisotropic nature to affect
the properties of the FRP.

Setting up constitutive relationships for FRPs, using the generalized Hooke’s Law (Eq. (8)),
would require a total of 81 elastic constants in order to fully characterize the material behavior,
which could be brought down to 36 constants in the case that both stresses and strains are
assumed to be symmetric.

σij ¼ Eijklεkl (8)

The nature of FRPs allows for manipulating their anisotropy in the lamina level to further
decrease the number of elastic constants required to build constitutive relationships. At the
lamina level there are two sets of axis that can be used to express the directionality of the
material. One set, the global axis, refers to a reference frame of the laminate, where typically
the horizontal, transverse, and vertical directions coincide with the dimensional directions of the
laminate. However, each lamina, will have fibers oriented a certain way, therefore a second set
of axis, referred to as local or principal axis are used, where the longitudinal direction is always
parallel to the longitudinal fibers, thus making an angle with the global horizontal direction
equal to that of the orientation angle of the fibers. In this manner each lamina has three mutually
orthogonal axis of rotational symmetry, which reduced the number of required elastic constants
to 12, where 9 of these are independent. Taking a closer look to the case of a unidirectional FRP
lamina it can be observed that the lamina has two axis of symmetry (2,3) making a plane of
isotropy in the material (Figure 1). This is because the properties of unidirectional FRPs are the
same along the 2 and 3 directions, thus plane 23 becomes the isotropy plane. This becomes a
special case of orthotropic materials, called transversely isotropic materials, which allows for
further decrease of the independent elastic constants from 9 to 5.
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The Classical Lamination Theory (CLT), applicable only to orthotropic continuous laminated
composite materials, is the set of equations that allows for the development of a constitutive
relationship that determines the state of stress in each layer of a laminate [3–5].

CLT investigates lamina, first as a separately structure and then by taking into account its position
within the laminate, in order to determine the stress and strain distribution in the laminate. It can
therefore, be understood how stacking sequence selection is significant to the strength and
performance of a laminate. Consequently, the position of each laminae in the laminate should be
clearly defined. There is a specific way to number the lamina in a laminate, and following this
configuration the position of the laminae is used in the CLT. Laminae numbering begins from the
bottom lamina in a laminate as shown in Figure 2. The fictitious separation plane that goes
through the mid-section of the laminate, called the mid-surface plane, serves as a datum from
where the position of each lamina is determined. As a result, the position of the lamina may be
positive, if the lamina is above the mid-surface plane, and negative, when it is below this plane.
Such laminae numbering configuration is important and useful in understanding stacking
sequence nomenclature, as well as in communicating stress concentration regions in the laminate.

Apart from elastic properties, which can be determined either experimentally or though the
Rules of Mixtures and Halpin-Tsai equations, CLT requires knowledge of thermal expansion
properties, estimated at each of the three directions of the FRP composite, and in many cases
hygroscopic coefficients. In the case of the transversely isotropic materials, only two sets of
material properties are required: one set for direction 1 and one for direction 2, which has the

Figure 1. Orientation of the fibers of a unidirectional composite along direction 1.

Figure 2. Nomenclature of laminae stacking.
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The nature of FRPs allows for manipulating their anisotropy in the lamina level to further
decrease the number of elastic constants required to build constitutive relationships. At the
lamina level there are two sets of axis that can be used to express the directionality of the
material. One set, the global axis, refers to a reference frame of the laminate, where typically
the horizontal, transverse, and vertical directions coincide with the dimensional directions of the
laminate. However, each lamina, will have fibers oriented a certain way, therefore a second set
of axis, referred to as local or principal axis are used, where the longitudinal direction is always
parallel to the longitudinal fibers, thus making an angle with the global horizontal direction
equal to that of the orientation angle of the fibers. In this manner each lamina has three mutually
orthogonal axis of rotational symmetry, which reduced the number of required elastic constants
to 12, where 9 of these are independent. Taking a closer look to the case of a unidirectional FRP
lamina it can be observed that the lamina has two axis of symmetry (2,3) making a plane of
isotropy in the material (Figure 1). This is because the properties of unidirectional FRPs are the
same along the 2 and 3 directions, thus plane 23 becomes the isotropy plane. This becomes a
special case of orthotropic materials, called transversely isotropic materials, which allows for
further decrease of the independent elastic constants from 9 to 5.
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The Classical Lamination Theory (CLT), applicable only to orthotropic continuous laminated
composite materials, is the set of equations that allows for the development of a constitutive
relationship that determines the state of stress in each layer of a laminate [3–5].

CLT investigates lamina, first as a separately structure and then by taking into account its position
within the laminate, in order to determine the stress and strain distribution in the laminate. It can
therefore, be understood how stacking sequence selection is significant to the strength and
performance of a laminate. Consequently, the position of each laminae in the laminate should be
clearly defined. There is a specific way to number the lamina in a laminate, and following this
configuration the position of the laminae is used in the CLT. Laminae numbering begins from the
bottom lamina in a laminate as shown in Figure 2. The fictitious separation plane that goes
through the mid-section of the laminate, called the mid-surface plane, serves as a datum from
where the position of each lamina is determined. As a result, the position of the lamina may be
positive, if the lamina is above the mid-surface plane, and negative, when it is below this plane.
Such laminae numbering configuration is important and useful in understanding stacking
sequence nomenclature, as well as in communicating stress concentration regions in the laminate.

Apart from elastic properties, which can be determined either experimentally or though the
Rules of Mixtures and Halpin-Tsai equations, CLT requires knowledge of thermal expansion
properties, estimated at each of the three directions of the FRP composite, and in many cases
hygroscopic coefficients. In the case of the transversely isotropic materials, only two sets of
material properties are required: one set for direction 1 and one for direction 2, which has the

Figure 1. Orientation of the fibers of a unidirectional composite along direction 1.

Figure 2. Nomenclature of laminae stacking.
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same properties as direction 3. The first step of CLT is to determine stiffness matrices for each
lamina. The stiffness matrices (Q and Q) are evaluated for each lamina and as a result, the effect
of the fiber orientation is taken into account (Eq. (9)). The bar over Q shows that the fiber
orientation in the matrix is other than 0�, constituting the lamina an off-axis lamina, meaning
that it is not along the x-direction of the laminate.1 The equations for the stiffness matrix element
involve elastic property information, as well as transformation matrix components to apply the
effects of fiber orientation. The subscript k in Eq. (9) denotes the kth lamina in the laminate.

Qk ¼
Q11 Q12 Q16

Q21 Q22 Q26

Q61 Q62 Q66

2
64

3
75 (9)

For the case of on-axis laminae, where the fibers are parallel to the global x-axis direction, the
equations for the stiffness matrix becomes:

Q½ �k ¼
Q11 Q12 0
Q21 Q22 0
0 0 Q66

2
64

3
75 (10)

where

Q11 ¼
E1

1� ν12ν21
(11)

Q12 ¼ Q21 ¼
ν12E2

1� ν12ν21
(12)

Q22 ¼
E2

1� ν12ν21
(13)

Q66 ¼ G12 (14)

When the fibers of the lamina make an angle with the global x-axis direction, the lamina is
called off-axis, and the stiffness matrix in Eq. (9) is populated based on the following equations

Q11 ¼ Q11cos
4θþ 2 Q12 þ 2Q66ð Þsin2θcos2θþQ22sin

4θ (15)

Q12 ¼ Q21 ¼ Q11 þQ22 � 4Q66ð Þsin2θcos2θþQ22 sin4θþ sin4θ
� �

(16)

Q22 ¼ Q11sin
4θþ 2 Q12 þ 2Q66ð Þsin2θcos2θþQ22cos

4θ (17)

Q16 ¼ Q61 ¼ Q11 �Q12 � 2Q66ð Þ sinθcos3θþ Q12 �Q22 þ 2Q66ð Þ cosθsin3θ (18)

1
It is often practice to account the global orientation of the laminate x,y,z, as coinciding with the local orientation 1,2,3 of
the 0� fiber orientation. As a result, the 0� fibers, along local direction 1, are also along the x-direction of the laminate. Such
laminae are called on-axis and any lamina of different orientation is termed off-axis.
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Q26 ¼ Q62 ¼ Q11 �Q12 � 2Q66ð Þ cosθ sin 3θþ Q12 �Q22 þ 2Q66ð Þ sinθ cos 3θ (19)

Q66 ¼ Q11 þQ22 � 2Q12 � 2Q66ð Þ sin 2θ cos 2θþQ66 sin 4θþ cos 4θ
� �

(20)

where m ¼ cosθ and n ¼ sinθ.

To develop a constitutive equation for the kth lamina (Eq. (21)) stress distribution in each layer
is related to the strain in each layer thought the stiffness matrix. The strain distribution
depends on the mid-surface strains (εijo) and curvatures (κij) developed in the laminate. Mid-
surface strains and curvatures are laminate parameters, and therefore are the same for all
laminae. They depend on the loading conditions, including the effects of thermal (αij) and
hygral conditions (βij) in the laminate. Therefore, thermal strains and hygral effects, which are

responsible for residual strains in the laminate, induced during manufacturing and curing,
should be subtracted from the mid-surface strains and curvatures.
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In order to build the stress and strain distributions in the laminate, there are threemore important
matrices in CLT that that need to be considered. These are: the Extension Stiffness Matrix, Aij, the
Extension-Bending Coupling Matrix, Bij, and the Bending Stiffness Matrix, Dij. These three matri-
ces bring together the stiffness effects from each lamina, and consequently fiber orientation,
always accounting for the position of each lamina in the laminate. The thickness, t, of each lamina
is also an important factor in CLTand is accounted for through these three matrices. Each of these
matrices determines the stress distribution of the laminate due to the different loading conditions
that may be applied. Matrix A considers the tension-compression effects of longitudinal and
transverse loading, matrix D considers the effects of bending moments, while matrix B couples
the effects of both types of loading. Eqs. (22)–(24) refer to these three matrices, while Eq. (25),
builds the relationship by calculating the normal forces andmoments [6].
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2
All loading conditions, including thermal and hygral effects, are accounted for in bN and bM.
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orientation in the matrix is other than 0�, constituting the lamina an off-axis lamina, meaning
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It is often practice to account the global orientation of the laminate x,y,z, as coinciding with the local orientation 1,2,3 of
the 0� fiber orientation. As a result, the 0� fibers, along local direction 1, are also along the x-direction of the laminate. Such
laminae are called on-axis and any lamina of different orientation is termed off-axis.
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Q26 ¼ Q62 ¼ Q11 �Q12 � 2Q66ð Þ cosθ sin 3θþ Q12 �Q22 þ 2Q66ð Þ sinθ cos 3θ (19)

Q66 ¼ Q11 þQ22 � 2Q12 � 2Q66ð Þ sin 2θ cos 2θþQ66 sin 4θþ cos 4θ
� �

(20)

where m ¼ cosθ and n ¼ sinθ.

To develop a constitutive equation for the kth lamina (Eq. (21)) stress distribution in each layer
is related to the strain in each layer thought the stiffness matrix. The strain distribution
depends on the mid-surface strains (εijo) and curvatures (κij) developed in the laminate. Mid-
surface strains and curvatures are laminate parameters, and therefore are the same for all
laminae. They depend on the loading conditions, including the effects of thermal (αij) and
hygral conditions (βij) in the laminate. Therefore, thermal strains and hygral effects, which are

responsible for residual strains in the laminate, induced during manufacturing and curing,
should be subtracted from the mid-surface strains and curvatures.
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In order to build the stress and strain distributions in the laminate, there are threemore important
matrices in CLT that that need to be considered. These are: the Extension Stiffness Matrix, Aij, the
Extension-Bending Coupling Matrix, Bij, and the Bending Stiffness Matrix, Dij. These three matri-
ces bring together the stiffness effects from each lamina, and consequently fiber orientation,
always accounting for the position of each lamina in the laminate. The thickness, t, of each lamina
is also an important factor in CLTand is accounted for through these three matrices. Each of these
matrices determines the stress distribution of the laminate due to the different loading conditions
that may be applied. Matrix A considers the tension-compression effects of longitudinal and
transverse loading, matrix D considers the effects of bending moments, while matrix B couples
the effects of both types of loading. Eqs. (22)–(24) refer to these three matrices, while Eq. (25),
builds the relationship by calculating the normal forces andmoments [6].
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3. How do composite materials fail?

The aforementioned concepts showed how the mechanical properties and the strength of the
anisotropic material are evaluated. However, an important question to ask when designing
FRP components against failure is how do composites fail.

Depending on how we evaluate the strength of a laminated composite; macroscopically or
macroscopically, different modes of failure will become important to examine. While homoge-
neous materials, as is the case of metals, fail through crack initiation and propagation, often
leading to fracture, composites accumulate damage and their strength degrades slowly. Deg-
radation of the strength is often due to different failure modes and fatigue [2, 7, 8].

It has been briefly mentioned above that it is the reinforcing phase of FRPs that possesses the
higher stiffness and strength. Therefore, it is the fibers that hold the load carrying capacity of
the FRP composite. The load carrying capacity of composites is hidden in their fibers. As a result,
the anisotropic nature of composites not only allows them to have different strengths in different
directions, but also to have their constituents failing under different loads. In addition to this,
due to the different fiber orientations and laminae positions in composite materials, these
composites have a great advantage in failure. All lamina will not fail under the same loading
conditions. Although one or more laminae may fail, the load may still be carried by the
remaining strong laminae and the composite component may still be operational [9]. The matrix
serves mostly as a mean of holding these fibers together and shaping the composite component,
while its contribution to the load carrying capacity of the material is minimal. As a result, failure
is usually aggravated when it involves degradation of the fiber load carrying capacity.

Looking at the constituent material level and their interface, i.e. microscopically, there are three
failure modes that should be examined. These are:

1. Failure of the matrix phase, which is usually realized as in most homogeneous materials
through crack initiation and propagation.

2. Failure at the reinforcing phase, which is the fracture of one or more fibers of the
reinforcing phase.

3. Failure at the interface of the two constituents, referred to as debonding, where the fibers
detach form the matrix material.

Each of the above failure modes, although they are responsible for the degradation of the
composite mechanical properties, they affect the strength and performance of the material
differently. Since fibers hold the most significant part of the composite’s load carrying capacity,
it is fracture of the fibers that can significantly impact and impair this capacity. It is the
longitudinal axis of the fiber that holds their strength, and as a result, fracture of a fiber means
a discontinuity in this strength along the longitudinal direction of the fiber, and consequently a
degradation of this strength in the composite. Fractured fibers cannot be replaced, and there-
fore, this is a failure mode that will permanently degrade the strength of the material.

Although the majority of matrix materials in FRPs are thermosetting polymers, which means
that a fractured matrix or debonding may not be repairable failure, the fact that the matrix
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holds an insignificant load carrying capacity, constitutes these two failure modes as lower
intensity modes compared to fiber fracture.

At the laminate level, i.e. looking at the composite macroscopically, there exists another failure
mode called delamination. Delamination is the separation, often also referred to as debonding,
of consecutive plies. Delamination is one of the most common failure modes observed macro-
scopically and can significantly affect the performance of the laminated component, depending
on the application the laminate is designed for. Delamination may be the result of poor
manufacturing and it is for this reason that extra attention is being paid during the lamination
of components to avoid contaminants entering between the layers, and also avoid the forma-
tion of voids due to air entrapment during the laminating process. Depending on the applica-
tion, and polymer matrix of the FRP, delamination is a serious failure mode, but also one that
may be repaired by a second curing process.

In both homogeneous and heterogeneous materials, there exist failure modes that are associ-
ated with the environment of the application the components are designed for. Different
materials have different chemical properties and therefore are not always suited for all envi-
ronments. Polymeric composites see many applications in highly corrosive environments [1],
however, depending on the matrix or reinforcing phase they may not be suitable for applica-
tions at high temperatures, UV exposure, or high moisture content. As can be seen form the
constitutive equation for FRP laminae, thermal stresses and moisture absorption will affect
significantly the stresses developed in the lamina. Thermal gradients will not only affect the
matrix material, but will also induce undesirable residual stresses in-between the lamina that
can affect the strength of the composite, and lead to delamination or matrix fracture [6].
Similarly the moisture absorbing capacity of fibers is something that should be considered
when selecting fiber-reinforcing phases. As an example, natural fibers, such as Hemp fibers,
are high strength fibers investigated as a replacement to glass fibers in many applications in
the automotive industry [10–12]. However, they are highly hygroscopic and their mechanical
properties deteriorate faster due to moisture absorption [7, 12–16].

4. Predicting failure and damage in FRPs

The above failure modes may differ in the way that failure occurs, however, they all result in
deteriorating the strength of the composite material. Examining the failure mechanism in each
mode means working at the materials level, which is beyond the scope of this section. Delam-
ination on the other hand, may be a failure mode that is often examined as a fracture mecha-
nism, and for this reason will not be considered in the discussion that follows. However the
failure result of the modes, to the extent that they affect the stress distribution in the composite,
can be predicted by the following criteria.

Failure theories, or preferably failure criteria, such as the Tresca and von Mises are commonly
used in ductile isotropic materials. These criteria, apart from the fact that are specific to ductile
isotropic materials, they deal with parameters (stress and strain, respectively) in each direction
separately [2, 6, 9]. The anisotropy of composite materials plays, as it has already been shown
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above, a significant role in the way that strength is built in the composite, and how failure can
affect the composite’s performance. Therefore, failure criteria should be selected based on their
capacity to account for the interaction of stresses in different directions in the composite, where
the material properties vary. The former type of failure criteria, as are the Tresca and von
Mises, are referred to as non-interactive, because they account for each direction separately,
while the latter, most suitable for composite materials, are referred to as interactive failure
criteria. There exist various failure criteria that have been developed to address anisotropic
materials, and specifically the case of FRPs. These criteria, although they account for the
interaction of stresses, and consequently properties in different directions, cannot give an exact
estimate or prediction for the stress conditions to cause failure. These criteria account for just
the interaction of stresses irrespective of the failure mode or any other conditions (environ-
mental, thermal, etc.), which may be responsible for composite failure. As a result, they are
used as an estimate for the conditions at the onset of failure.

The majority of failure criteria are polynomial expansions, treating the stress tensor (σij) as a
means of characterizing the onset of failure in a composite material. As mentioned above,
failure criteria can only give approximate estimates of the onset of failure, and have been
developed based on comparisons to experimental data. The polynomial expansion is tailored
to the case of transversely isotropic materials, which reduces significantly the number of
material parameters required [2].

The criteria that will be discussed below compare the stress state in each lamina to failure
stress under plane stress conditions and determine whether the lamina has failed or not. They
are therefore, observing the composite material at the lamina level, and not down to the
constituent material and interface level.

Tsai-Hill Failure Criterion:

σ12

X2 � σ1σ2
X2 þ σ22

Y2 þ σ122

S2
≤ 1 (26)

The Tsai-Hill criterion in Eq. (26) compares longitudinal (σ1), transverse (σ2), and shear stresses
(σ12) in each lamina to the ultimate longitudinal tensile and compressive (X and X’), transverse
tensile and compressive (Yand Y0), and shear (S) ultimate strengths. A total of 5 parameters are
required, while only 3 are involved in the equation. The criterion states that when the above is
equal or greater than 1 failure has occurred.

Tsai-Wu Failure Criterion:

1
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(27)

Similar to the Tsai-Hill, the Tsai-Wu criterion investigates failure at the lamina level stating that
failure occurs when the above equation is equal to 1. As can be seen in Eq. (27), there are 6
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constants involving the materials parameters of tensile and compressive strengths in the
longitudinal and transverse directions, as well as shear strengths. Therefore, this criterion
requires a total of 7 material parameters. The Tsai-Wu criterion terms can be evaluated by the
assumption of uniaxial tension and compression results, which is based on experimental data
[2, 6]. The interaction parameter (F12) due to its interactive nature is often estimated from
multiaxial stress data [2].

Both theories can give an estimated result as to when a lamina will fail. Tsai-Hill tends to
overestimate failure, while Tsai-Wu tends to underestimate failure [17]. Table 1 shows data
using the above two failure criteria predicting the onset of failure in a 6-layer GFRP laminate
under 3-point bending [17]. As can be observed form the data, the two theories for the case of
the anti-symmetric laminate do not agree as to the exact magnitude of the criterion estimate,
nor as to the possible first ply to fail. For this reason, more than one failure theories may be
used in the design against failure of an FRP laminated component.

As it was previously mentioned failure modes are often exhibited in different constituents of
the composite, more specifically either the matrix or the fibers. The above example of how the
Tsai-Hill and Tsai-Wu criteria over- and underestimate, respectively, the onset of failure, shows
the approximate nature of the failure criteria, and the possible need to focus on the failing
constituent. Of course, in the case where the fibers are significantly stiffer than the matrix, and
failure is observed in the matrix, the fibers should be able to maintain the strength of the
composite, while in the case of fiber fracture, the same will not hold true. Therefore, it is
prudent that in situations of high anisotropy, an observation of failure in the matrix and fibers
be made separately. The Christensen Criterion, also of the polynomial-expansion type, makes
use of this differentiation between the two constituents, and requires 5 material parameters [2].

Christensen Failure Criterion:

Failure in the matrix

1
X
� 1
X0

� �
σ22 � σ33ð Þ þ 1

YY0 σ22 � σ33ð Þ2 þ 4σ232
h i

þ σ122 þ σ312
� �

S2
≤ 1 (28)

Failure in the fibers

Lamina Fiber Orientation Tsai-Hill Tsai-Wu

1 �45� 0.0539 �0.3632

2 0� 0.0989 �0.0027

3 90� 0.1289 �0.2924

4 90� 0.4688 �0.3083

5 90� 0.4688 �0.3083

6 90� 0.4688 �0.3083

Table 1. Example of failure prediction using Tsai-Hill and Tsai-Wu criteria in GFRP laminate.
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above, a significant role in the way that strength is built in the composite, and how failure can
affect the composite’s performance. Therefore, failure criteria should be selected based on their
capacity to account for the interaction of stresses in different directions in the composite, where
the material properties vary. The former type of failure criteria, as are the Tresca and von
Mises, are referred to as non-interactive, because they account for each direction separately,
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interaction of stresses, and consequently properties in different directions, cannot give an exact
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the interaction of stresses irrespective of the failure mode or any other conditions (environ-
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constituent material and interface level.
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σ12

X2 � σ1σ2
X2 þ σ22

Y2 þ σ122

S2
≤ 1 (26)

The Tsai-Hill criterion in Eq. (26) compares longitudinal (σ1), transverse (σ2), and shear stresses
(σ12) in each lamina to the ultimate longitudinal tensile and compressive (X and X’), transverse
tensile and compressive (Yand Y0), and shear (S) ultimate strengths. A total of 5 parameters are
required, while only 3 are involved in the equation. The criterion states that when the above is
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Tsai-Wu Failure Criterion:

1
X
� 1
X0

� �
σ11 þ 1

Y
� 1
Y0

� �
σ22 þ σ33ð Þ þ σ112

XX0 þ
1

YY0 σ22 þ σ33ð Þ2 þ 2F12σ11 σ22 þ σ33ð Þ

þ 1
S02 σ232 � σ22σ33
� �þ 1

S2
σ122 þ σ312
� �

≤ 1
(27)

Similar to the Tsai-Hill, the Tsai-Wu criterion investigates failure at the lamina level stating that
failure occurs when the above equation is equal to 1. As can be seen in Eq. (27), there are 6
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constants involving the materials parameters of tensile and compressive strengths in the
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overestimate failure, while Tsai-Wu tends to underestimate failure [17]. Table 1 shows data
using the above two failure criteria predicting the onset of failure in a 6-layer GFRP laminate
under 3-point bending [17]. As can be observed form the data, the two theories for the case of
the anti-symmetric laminate do not agree as to the exact magnitude of the criterion estimate,
nor as to the possible first ply to fail. For this reason, more than one failure theories may be
used in the design against failure of an FRP laminated component.

As it was previously mentioned failure modes are often exhibited in different constituents of
the composite, more specifically either the matrix or the fibers. The above example of how the
Tsai-Hill and Tsai-Wu criteria over- and underestimate, respectively, the onset of failure, shows
the approximate nature of the failure criteria, and the possible need to focus on the failing
constituent. Of course, in the case where the fibers are significantly stiffer than the matrix, and
failure is observed in the matrix, the fibers should be able to maintain the strength of the
composite, while in the case of fiber fracture, the same will not hold true. Therefore, it is
prudent that in situations of high anisotropy, an observation of failure in the matrix and fibers
be made separately. The Christensen Criterion, also of the polynomial-expansion type, makes
use of this differentiation between the two constituents, and requires 5 material parameters [2].
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1 �45� 0.0539 �0.3632

2 0� 0.0989 �0.0027

3 90� 0.1289 �0.2924

4 90� 0.4688 �0.3083

5 90� 0.4688 �0.3083

6 90� 0.4688 �0.3083

Table 1. Example of failure prediction using Tsai-Hill and Tsai-Wu criteria in GFRP laminate.
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1
X
� 1
X0

� �
σ11ð Þ þ σ112

XX0 �
1
4

1
X
þ 1
X0

� �2

σ11 σ22 þ σ33ð Þ ≤ 1 (29)

The above criteria, similar to all failure criteria developed for FRP composites, deal with the
onset of failure in the lamina level. However, when designing against failure in a laminated
FRP component, it is always useful to know under what conditions the component may fail
and not which lamina will fail first. The advantage of composite materials is that they fail due
to damage accumulation, which may be more delayed than catastrophic failure in an isotropic
material, such as metal, due to cracking or yielding. The anisotropic nature of composites, with
the fact that fibers hold the load carrying capacity of the composite material, allow the struc-
ture to continue performing under given conditions, although the properties in one or more
laminae are being or have been degraded. Predicting when a composite structure will fail,
meaning when all laminae have failed under one or more of the above criteria, is useful
information and progressive damage is the process to follow. Progressive damage works by
applying the above criteria of failure to determine which lamina will fail first, what we refer to
as first-ply failure, and then continue to determine the next lamina, up to the last one. Every
time a lamina fails, the properties of the composite are degraded and the failure of the
remaining lamina is evaluated under new conditions of stress distribution and loading [2, 9].

Composite materials have been recognized as an optimum alternative to metals and have been
replacing metals in many industries. For example, the automotive industry in an effort to
decrease carriage weight, and consequently fuel emissions, has introduced composite suspen-
sions. There are therefore, applications for composites that involve cyclic loading, which leads
to fatigue failure. The above criteria may be helpful in estimating and approximating pre-
dictions of the stresses to initiate failure in a composite lamina, and together with progressive
damage predict when the whole laminate will fail. However, the fatigue behavior of an FRP
laminate should also be considered.

Cumulative Damage Theory calculates the damage caused during cyclic loading, as well
as its accumulation during cyclic loading under various stress amplitudes [18]. There are two
options when considering the concept of cumulative damage: a) calculating the residual
strength of the component, being the instantaneous static strength maintained by the material
after loading to stress levels that can cause damage, and b) estimating the damage accumu-
lated in the material, using damage models [2].

As it has been shown above, for a composite to fail damage should be accumulated in each
lamina and start degrading the lamina, and consequently laminate strength. This is also what
happens during cyclic loading, where the strength of the material starts to decrease at a low
rate in the early fatigue life, and at a faster rate close to the end, leading to possible failure [19].

Cumulative damage models do not focus on material data, rather on the loading conditions of
the component in question. As a result, they predict damage accumulation in a general sense.
Therefore, to decide upon one or more appropriate models to predict the fatigue life of a
composite material, attention should be paid not to the material properties but to the type of
stresses that cause failure in composites. Because of the stiff reinforcing phase holding the load
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carrying capacity of the lamina, it is higher stresses that will more likely degrade the strength
of the material, than lower ones. As a result, cumulative damage models should focus on low
cycle fatigue (LCF) where stresses are higher [20].

Three cumulative damage models are compared below for the case of GFRP laminates,
reinforced with E-Glass fibers. This is a common FRP material considered in automotive
applications as a substitute for steel. The three models require information on the number of
cycles (ni) under an applied stress (σi and σk), the number of cycles to failure (Ni) under this
same applied stress, the ultimate strength of the material (σultimate), the ratio of the applied
stress to the ultimate material strength (Sk), and the number of repetitions of the loading cycle
(C). Cumulative damage models denote failure, when the model equations equal to 1 [8, 18, 19,
21]. As a result, under the assumption that the material accumulates 100% damage to the full
extent of its fatigue life, these models may be used to estimate the fatigue life, in cycles to
failure (Ni), by setting the models to equal 1.

Palmgren-Miner:

Xn

i¼1

ni
Ni

� �
C ¼ 1 (30)

The Palmgren-Miner cumulative damage model is maybe one of the simplest and most com-
monly used models in metal fatigue. The model defines the damage accumulated in the
material in the form of life fractions. Each fraction is a percentage of composite life consumed
during the cyclic loading application [18, 22]. When the sum of all fractions equals 1, there is no
remaining residual life to be expended, and the material is assumed to have failed. The
Palmgren-Miner model does not account for the loading sequence in the case of different
applied stress amplitudes.

Broutman-Sahu:

Xn

i¼1

σultimate � σið Þ
σultimate � σiþ1ð Þ

ni
Ni

� �
C ¼ 1 (31)

Hashin-Rotem:

Xi�1

k¼1

n k� 1ð Þ
N k� 1ð Þ
� � 1�Sk

1�Sk�1 þ ni
Ni

0
@

1
AC ¼ 1 (32)

Sk ¼ σk
σUltimate

(32a)

Sk�1 ¼ σk�1

σUltimate
(32b)

Although the Palmgren-Miner and Hashin-Rotem have been initially designed as cumulative
damage models for metals, they have been both used for FRP, and more specifically GFRP
fatigue life predictions. Hashin-Rotem is designed as a two-stress level loading damage model,
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1
X
� 1
X0

� �
σ11ð Þ þ σ112

XX0 �
1
4

1
X
þ 1
X0

� �2

σ11 σ22 þ σ33ð Þ ≤ 1 (29)

The above criteria, similar to all failure criteria developed for FRP composites, deal with the
onset of failure in the lamina level. However, when designing against failure in a laminated
FRP component, it is always useful to know under what conditions the component may fail
and not which lamina will fail first. The advantage of composite materials is that they fail due
to damage accumulation, which may be more delayed than catastrophic failure in an isotropic
material, such as metal, due to cracking or yielding. The anisotropic nature of composites, with
the fact that fibers hold the load carrying capacity of the composite material, allow the struc-
ture to continue performing under given conditions, although the properties in one or more
laminae are being or have been degraded. Predicting when a composite structure will fail,
meaning when all laminae have failed under one or more of the above criteria, is useful
information and progressive damage is the process to follow. Progressive damage works by
applying the above criteria of failure to determine which lamina will fail first, what we refer to
as first-ply failure, and then continue to determine the next lamina, up to the last one. Every
time a lamina fails, the properties of the composite are degraded and the failure of the
remaining lamina is evaluated under new conditions of stress distribution and loading [2, 9].

Composite materials have been recognized as an optimum alternative to metals and have been
replacing metals in many industries. For example, the automotive industry in an effort to
decrease carriage weight, and consequently fuel emissions, has introduced composite suspen-
sions. There are therefore, applications for composites that involve cyclic loading, which leads
to fatigue failure. The above criteria may be helpful in estimating and approximating pre-
dictions of the stresses to initiate failure in a composite lamina, and together with progressive
damage predict when the whole laminate will fail. However, the fatigue behavior of an FRP
laminate should also be considered.

Cumulative Damage Theory calculates the damage caused during cyclic loading, as well
as its accumulation during cyclic loading under various stress amplitudes [18]. There are two
options when considering the concept of cumulative damage: a) calculating the residual
strength of the component, being the instantaneous static strength maintained by the material
after loading to stress levels that can cause damage, and b) estimating the damage accumu-
lated in the material, using damage models [2].

As it has been shown above, for a composite to fail damage should be accumulated in each
lamina and start degrading the lamina, and consequently laminate strength. This is also what
happens during cyclic loading, where the strength of the material starts to decrease at a low
rate in the early fatigue life, and at a faster rate close to the end, leading to possible failure [19].

Cumulative damage models do not focus on material data, rather on the loading conditions of
the component in question. As a result, they predict damage accumulation in a general sense.
Therefore, to decide upon one or more appropriate models to predict the fatigue life of a
composite material, attention should be paid not to the material properties but to the type of
stresses that cause failure in composites. Because of the stiff reinforcing phase holding the load
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carrying capacity of the lamina, it is higher stresses that will more likely degrade the strength
of the material, than lower ones. As a result, cumulative damage models should focus on low
cycle fatigue (LCF) where stresses are higher [20].

Three cumulative damage models are compared below for the case of GFRP laminates,
reinforced with E-Glass fibers. This is a common FRP material considered in automotive
applications as a substitute for steel. The three models require information on the number of
cycles (ni) under an applied stress (σi and σk), the number of cycles to failure (Ni) under this
same applied stress, the ultimate strength of the material (σultimate), the ratio of the applied
stress to the ultimate material strength (Sk), and the number of repetitions of the loading cycle
(C). Cumulative damage models denote failure, when the model equations equal to 1 [8, 18, 19,
21]. As a result, under the assumption that the material accumulates 100% damage to the full
extent of its fatigue life, these models may be used to estimate the fatigue life, in cycles to
failure (Ni), by setting the models to equal 1.

Palmgren-Miner:

Xn

i¼1

ni
Ni

� �
C ¼ 1 (30)

The Palmgren-Miner cumulative damage model is maybe one of the simplest and most com-
monly used models in metal fatigue. The model defines the damage accumulated in the
material in the form of life fractions. Each fraction is a percentage of composite life consumed
during the cyclic loading application [18, 22]. When the sum of all fractions equals 1, there is no
remaining residual life to be expended, and the material is assumed to have failed. The
Palmgren-Miner model does not account for the loading sequence in the case of different
applied stress amplitudes.

Broutman-Sahu:

Xn

i¼1

σultimate � σið Þ
σultimate � σiþ1ð Þ

ni
Ni

� �
C ¼ 1 (31)

Hashin-Rotem:

Xi�1

k¼1

n k� 1ð Þ
N k� 1ð Þ
� � 1�Sk

1�Sk�1 þ ni
Ni

0
@

1
AC ¼ 1 (32)

Sk ¼ σk
σUltimate

(32a)

Sk�1 ¼ σk�1

σUltimate
(32b)

Although the Palmgren-Miner and Hashin-Rotem have been initially designed as cumulative
damage models for metals, they have been both used for FRP, and more specifically GFRP
fatigue life predictions. Hashin-Rotem is designed as a two-stress level loading damage model,
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and can be expanded to multi-stress level loading using damage curve families that represent
residual lifetimes and considering that equivalent residual lives are expended by components
undergoing different loading schemes [18]. The Broutman-Sahu model was developed and
tested on GFRP laminates.

The linearity and non-linearity of the above models is important and is determined based on
the required parameters for their calculation [8]. As a result, Palmgren-Miner is a linear stress-
independent model, Broutman-Sahu a linear stress-dependent model, and Hashin-Rotem a
non-linear stress-dependent model.

Similar to the failure criteria, these models give an approximation of the accumulated damage
during cyclic loading, and consequently when used to estimate cycles to failure, the fatigue life
of the laminate. To evaluate the applicability of these models to composite materials, and
choose those that predict the fatigue life of a GFRP laminate more accurately, calculations of
the above models were compared to fatigue life experiments [23–24]. In order to estimate the
probability to failure for the GFRP laminate using each model a standard two-parameter
Weibull analysis was followed.

Figure 3, shows comparison of the tree models for an E-glass GFRP beam cycled between 256
and 560 MPa. All three models give similar results for the cumulative distribution of damage
in the GFRP laminate. Specifically, the damage predicted by the Palmgren-Miner and
Broutman-Sahu models is almost identical, and the two linear models show a constant proba-
bility of failure of 19%, at low mean stresses up to 280 MPa. All three models predict complete
failure at a mean stress of 560 MPa. This mean stress level corresponds to a maximum stress of
1.1 GPa, which exceedsthe ultimate strength of the material (Figure 4) [23–24].

Comparing the results of the three models to experimental fatigue data, it can be concluded
that similar to the failure criteria, cumulative damage models can be used to approximately

Figure 3. Cumulative distribution of damage vs. mean stress in E-glass fiber/epoxy laminate.
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predict the fatigue life of a composite component, without getting accurate life predictions. In
the case of the GFRP of Figure 4, the two linear models give overestimated predictions of
fatigue life, and the non-linear model a significantly underestimated prediction, when model
data is compared to experimental data. The linear stress-dependent model, is the one to
estimate a predicted life having closer agreement with experimental results.

5. Conclusion

The versatility of composite materials, and specifically the case of FRPs, have made laminates
ideal alternative structures to metallic components. The ability to design against failure by
optimizing the stacking sequence of laminates while at the same time designing not just
a strong component but also one with desirable stiffness, have opened new horizons to the
use of FRPs.

This chapter discussed the theory behind building constitutive relationships for laminae and
consequently laminate structures. Using the stress information from the CLT, it was shown
how to estimate the onset of failure under different loadings. Of course, when designing
against failure it is prudent to consider and consult more than one failure criteria, as they do
not give exact predictions for the onset of failure, rather approximations. By considering one or
more models, bounds can be drawn to limit the onset of failure conditions. The same holds
true for the case of fatigue life, where cumulative damage models also tend to either
overestimate or underestimate the fatigue life of laminates.

The above criteria and models, however, besides their predictive character, which to a large
degree is due to the anisotropic nature of the laminates, as well as to the fact that they consider

Figure 4. Mean stress vs. life to failure in E glass fiber/epoxy.
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and can be expanded to multi-stress level loading using damage curve families that represent
residual lifetimes and considering that equivalent residual lives are expended by components
undergoing different loading schemes [18]. The Broutman-Sahu model was developed and
tested on GFRP laminates.

The linearity and non-linearity of the above models is important and is determined based on
the required parameters for their calculation [8]. As a result, Palmgren-Miner is a linear stress-
independent model, Broutman-Sahu a linear stress-dependent model, and Hashin-Rotem a
non-linear stress-dependent model.

Similar to the failure criteria, these models give an approximation of the accumulated damage
during cyclic loading, and consequently when used to estimate cycles to failure, the fatigue life
of the laminate. To evaluate the applicability of these models to composite materials, and
choose those that predict the fatigue life of a GFRP laminate more accurately, calculations of
the above models were compared to fatigue life experiments [23–24]. In order to estimate the
probability to failure for the GFRP laminate using each model a standard two-parameter
Weibull analysis was followed.

Figure 3, shows comparison of the tree models for an E-glass GFRP beam cycled between 256
and 560 MPa. All three models give similar results for the cumulative distribution of damage
in the GFRP laminate. Specifically, the damage predicted by the Palmgren-Miner and
Broutman-Sahu models is almost identical, and the two linear models show a constant proba-
bility of failure of 19%, at low mean stresses up to 280 MPa. All three models predict complete
failure at a mean stress of 560 MPa. This mean stress level corresponds to a maximum stress of
1.1 GPa, which exceedsthe ultimate strength of the material (Figure 4) [23–24].

Comparing the results of the three models to experimental fatigue data, it can be concluded
that similar to the failure criteria, cumulative damage models can be used to approximately
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predict the fatigue life of a composite component, without getting accurate life predictions. In
the case of the GFRP of Figure 4, the two linear models give overestimated predictions of
fatigue life, and the non-linear model a significantly underestimated prediction, when model
data is compared to experimental data. The linear stress-dependent model, is the one to
estimate a predicted life having closer agreement with experimental results.

5. Conclusion

The versatility of composite materials, and specifically the case of FRPs, have made laminates
ideal alternative structures to metallic components. The ability to design against failure by
optimizing the stacking sequence of laminates while at the same time designing not just
a strong component but also one with desirable stiffness, have opened new horizons to the
use of FRPs.

This chapter discussed the theory behind building constitutive relationships for laminae and
consequently laminate structures. Using the stress information from the CLT, it was shown
how to estimate the onset of failure under different loadings. Of course, when designing
against failure it is prudent to consider and consult more than one failure criteria, as they do
not give exact predictions for the onset of failure, rather approximations. By considering one or
more models, bounds can be drawn to limit the onset of failure conditions. The same holds
true for the case of fatigue life, where cumulative damage models also tend to either
overestimate or underestimate the fatigue life of laminates.

The above criteria and models, however, besides their predictive character, which to a large
degree is due to the anisotropic nature of the laminates, as well as to the fact that they consider

Figure 4. Mean stress vs. life to failure in E glass fiber/epoxy.
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only mechanical failure in the composite, can be applied to laminates of more than one
constituents, as well as hybrid composite laminates. Therefore, if the optimization of a compo-
nent requires more than one matrix and/or reinforcing phase, the above analysis could be
followed to get estimates for the onset of failure and fatigue life of the component. The same
holds true for hybrid laminates, where a third material, usually a reinforcing phase, other than
fibers, for example a metallic reinforcement, is introduced. As a result, the above criteria and
models can see applications in current designs of new composite materials, as the components
built in n-d printing where the structures have not only varying material orientations, but also
material properties.

The failure criteria and cumulative damage models, become therefore, an invaluable set of
tools to the design against failure of laminate components. This design with the use of CLT can
provide optimum laminates that have the desired stacking sequence to optimize mechanical
properties and weight, as well as cost requirements. However, the discussion of this chapter
did not account for failure that is not mechanical. The failure modes discussed concentrate on
matrix or fiber cracking, debonding, and delamination, which was not examined at the lami-
nate level. However, thermal and hygral effects are only accounted for in CLT and are not part
of the failure criteria presented in this chapter. As a result, when failure is due to chemical
degradation of the matrix under UV rays, or creep which should involve the time parameter,
failure should be considered using different models which were not the scope of this chapter.

Nomenclature

Eijkl Young’s Modulus

Gij Shear Modulus

K Bulk Modulus

f Volume Fraction

vij Poisson’s Ratio

σij Stress Tensor

εkl Strain Tensor

κij Curvature

εijo Mid-Surface Strains

αij Coefficient of Thermal Expansion

βij Hygroscopic Coefficient

Q Stiffness Matrix

Aij Extension Stiffness Matrix
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Bij Extension-Bending Coupling Matrix

Dij Bending Stiffness Matrix

z Position of layer in laminate

X and X0 Longitudinal Tensile and Compressive Strength.

Y and Y0 Transverse Tensile and Compressive Strength.

S Shear Strength

ni Number of cycles under applied stress

Ni Cycles to failure

C Repetitions of cyclic loading
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only mechanical failure in the composite, can be applied to laminates of more than one
constituents, as well as hybrid composite laminates. Therefore, if the optimization of a compo-
nent requires more than one matrix and/or reinforcing phase, the above analysis could be
followed to get estimates for the onset of failure and fatigue life of the component. The same
holds true for hybrid laminates, where a third material, usually a reinforcing phase, other than
fibers, for example a metallic reinforcement, is introduced. As a result, the above criteria and
models can see applications in current designs of new composite materials, as the components
built in n-d printing where the structures have not only varying material orientations, but also
material properties.

The failure criteria and cumulative damage models, become therefore, an invaluable set of
tools to the design against failure of laminate components. This design with the use of CLT can
provide optimum laminates that have the desired stacking sequence to optimize mechanical
properties and weight, as well as cost requirements. However, the discussion of this chapter
did not account for failure that is not mechanical. The failure modes discussed concentrate on
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Nomenclature

Eijkl Young’s Modulus

Gij Shear Modulus

K Bulk Modulus

f Volume Fraction

vij Poisson’s Ratio

σij Stress Tensor

εkl Strain Tensor

κij Curvature

εijo Mid-Surface Strains

αij Coefficient of Thermal Expansion

βij Hygroscopic Coefficient

Q Stiffness Matrix

Aij Extension Stiffness Matrix
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Bij Extension-Bending Coupling Matrix

Dij Bending Stiffness Matrix

z Position of layer in laminate

X and X0 Longitudinal Tensile and Compressive Strength.

Y and Y0 Transverse Tensile and Compressive Strength.

S Shear Strength

ni Number of cycles under applied stress

Ni Cycles to failure

C Repetitions of cyclic loading
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Abstract

Failure prediction is one of the key challenges that have to be mastered for a new arena
of fault tolerance techniques: the proactive handling of faults. As a definition, prediction
is a statement about what will happen or might happen in the future. A failure is
defined as “an event that occurs when the delivered service deviates from correct
service.” The main point here is that a failure refers to misbehavior that can be observed
by the user, which can either be a human or another computer system. Things may go
wrong inside the system, but as long as it does not result in incorrect output (including
the case that there is no output at all) there is no failure. Failure prediction is about
assessing the risk of failure for some time in the future. In my approach, failures are
predicted by analysis of error events that have occurred in the system. As, of course, not
all events that have occurred ever since can be processed, only events of a time interval
called embedding time are used. Failure probabilities are computed not only for one
point of time in the future, but for a time interval called prediction interval.
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1. Introduction

Failure prediction is one of the key challenges that have to be mastered for a new arena of fault
tolerance techniques: the proactive handling of faults. As a definition, prediction is a statement
about what will happen or might happen in the future. A failure means “an occurrence that
happens when the delivered service gets out from correct service.”

The main point here is that a failure derives of misbehavior that can be observed by the
operator, which can either be a human or another computer system. Some things may go
wrong inside the system, but as long as it does not eventuate in incorrect output (such as the
system that there is no output at all) the system can run without failure. Failure prediction is
about evaluation the risk of failure for some times in the future. In my viewpoint, analysis of
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error events that have occurred in the system can be called failure prediction. To compute
breakdown probabilities, not only one point of time in the future, but a time interval called
prediction interval are considered, simultaneously.

Failure rates and their projective manifestations are important factors in insurance, business,
and regulation practices as well as fundamental to design of safe systems throughout a
national or international economy. From an economic view point, inaction owing to machin-
ery failures as a consequence of downtimes can be so costly. Repairs of broken down
machines are also expensive, because the breakdowns consume resources: manpower, spare
parts, and even loss of production. As a result, the repair costs can be considered as an
important component of the total machine ownership costs. Traditional maintenance policies
include corrective maintenance (CM) and preventive maintenance (PM). With CM policy,
maintenance is performed after a breakdown or the occurrence of an obvious fault. With
PM policy, maintenance is performed to prevent equipment breakdown. As an example, it is
appeared that in developing countries, almost 53% of total machine expenses have spent to
repair machine breakdowns whereas it was 8% in developed countries, that founding
the effective and practicable repair and maintenance program could decreased these costs
up to 50%.

The complex of maintenance activities, methodologies and tools aim to obtain the continuity of
the productive process; traditionally, this objective was achieved by reviewing and substitut-
ing the critical systems or through operational and functional excess in order to guarantee an
excess of productive capacity. All these approaches have partially emerged inefficiencies:
redundant systems and surplus capacity immobilize capitals that could be used more Afford-
able for the production activities, while accomplishing revision policies very careful means to
support a rather expensive method to achieve the demand standards. The complex of mainte-
nance activities is turned from a simple reparation activity to a complex managerial task which
main aim is the prevention of failure. An optimal maintenance approach is a key support to
industrial production in the contemporary process industry and many tools have been devel-
oped for improving and optimizing this task.

The majority of industrial systems have a high level of complexity, nevertheless, in many cases,
they can be repaired. Moreover historical and or benchmarking data, related to systems failure
and repair patterns, are difficult to obtain and often they are not enough reliable due to various
practical constraints. In such circumstances, it is evident that a good RAM analysis can play a
key role in the design phase and in any modification required for achieving the optimized
performance of such systems. The assessing of components reliability is a basic sight for
appropriate maintenance performance; available reliability assessing procedures are based on
the accessibility of knowledge about component states. Nevertheless, the states of component
are often uncertain or unknown, particularly during the early stages of the new systems
development. So for these cases, comprehending of how uncertainties will affect system
reliability evaluation is essential. Systems reliability often relies on their age, intrinsic factors
(dimensioning, components quality, material, etc.) and use conditions (environment, load rate,
stress, etc.). The parameter defining a machine’s reliability is the failure rate (λ), and this value
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is the characteristic of breakdown occurrence frequency. In this context, failure rate analysis
constitute a strategic method for integrating reliability, availability and maintainability, by
using methods, tools and engineering techniques (such as Mean Time to Failure, Equipment
down Time and System Availability values) to identify and quantify equipment and system
failures that prevent the achievement of its objectives. At first we define common words
related to failure rate:

• Failure

A failure occurs when a component is not available. The cause of components failure is
different; they may fail due to have been randomly chosen and marked as fail to assess their
effect, or they may fail because any other component that were depending on else has brake
down. In reliability engineering, a Failure is considered to event when a component/system is
not doing its favorable performance and considered as being unavailable.

• Error

In reliability engineering, an error is said a misdeed which is the root cause of a failure.

• Fault

In reliability engineering, a fault is defined as a malfunction which is the root cause of an error.
But within this chapter, we may refer to a component failure as a fault that may be conducted
to the system failure. This is done where there is a risk of obscurity between a failure which is
occurring in intermediate levels (referred to as a Fault) and one which is occurring finally
(referred to as Failure).

2. Failure Rate

The reliability of a machine is its probability to perform its function within a defined period with
certain restrictions under certain conditions. The reliability is the proportional expression of a
machine’s operational availability; therefore, it can be defined as the period when a machine can
operate without any breakdowns. The equipment reliability depends to failures frequency,
which is expressed by MTBF1. Reliability predictions are based on failure rates. Failure intensity
or λ(t)2 can be defined as “the foretasted number of times an item will break down in a deter-
mined time period, given that it was as good as new at time zero and is functioning at time t”.
This computed value provides a measurement of reliability for an equipment. This value is
currently described as failures per million hours (f/mh). As an example, a component with a
failure rate of 10 fpmh would be anticipated to fail 10 times for 1 million hours time period. The
calculations of failure rate are based on complex models which include factors using specific
component data such as stress, environment and temperature. In the prediction model,

1
Mean time between failures.

2
Conditional failure rate.
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assembled components are organized serially. Thus, failure rates for assemblies are calculated by
sum of the individual failure rates for components within the assembly. The MTBF was deter-
mined using Eq. (1). Failure rate which is equal to the reciprocal of the mean time between
failures (MTBF) defined in hours (λ) was calculated by using Eq. (2) [1].

ð1Þ

ð2Þ

where, MTBF is mean time between failures, h; T is total time, h; n is number of failures; λ is
failure rate, failures per 10n h.

There are some common basic categories of failure rates:

• Mean Time Between Failures (MTBF)

• Mean Time To Failure (MTTF)

• Mean Time To Repair (MTTR)

• Mean Down Time (MDT)

• Probability of Failure on Demand (PFD)

• Safety Integrity Level (SIL)

2.1. Mean time between failures (MTBF)

The basic measure of reliability is mean time between failures (MTBF) for repairable equipment.
MTBF can be expressed as the time passed before a component, assembly, or system break
downs, under the condition of a constant failure rate. On the other hand, MTBF of repairable
systems is the predicted value of time between two successive failures. It is a commonly used
variable in reliability and maintainability analyses. MTBF can be calculated as the inverse of the
failure rate, λ, for constant failure rate systems. For example, for a component with a failure rate
of 2 failures per million hours, the MTBF would be the inverse of that failure rate, λ, or:

or

NOTE: Although MTBF was designed for use with repairable items, it is commonly
used for both repairable and non-repairable items. For non-repairable items, MTBF is
the time until the first (an only) failure after t0.
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3. Units

Any unit of time can be mentioned as failure rate unit, but hours is the most common unit in
practice. Other units included miles, revolutions, etc., which can also replace the time units.

In engineering notation, failure rates are often very low because failure rates are often expressed
as failures per million (10�6), particularly for individual components.

The failures in time (FIT) rate for a component is the number of failures that can be occurred in
one billion (109) use hours. (e.g., 1000 components for 1 million hours, or 1 million components
for each 1000 hours, or some other combination). Semiconductor industry currently used this
unit.
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Example 1 If we aim to estimate the failure rate of a certain component, we can carry out this
test. Suppose each one of 10 same components are tested until they either break down or reach
1000 hours, after this time the test is completed for each component. The results are shown in
Table 1 as follows:

Example 2 If a tractor be operated 24 hours a day, 7 days a week, so it will run 6540 hours for 1
year and at which time the MTBF number of a tractor be 1,050,000 hours:

; then the reciprocal of 160.55 years should be taken.

In the average year, we can expect to fail about 0.62% of these tractors.

Example 3 Now assuming a tractor be operated at 6320 hours a year and at which time the
MTBF number of this be 63,000 hours.

then the reciprocal of 9.968 years should be taken.

in the average year, we can expect to fail about 10.032% of

these tractors.

You assume, we let the identical tractor run 24 hours a day, 7 days a week:

Component Hours Failure

1 950 Failed

2 720 No failure

3 467 No failure

4 635 No failure

5 1000 Failed

6 602 No failure

7 1000 Failed

8 582 No failure

9 940 Failed

10 558 Failed

Totals 7454 5

or 670 failures/million use hours.

Table 1. Components failures during use hours.
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, i.e., ~13.9% of these tractors may break down in the average year.

3.1. Mean time to failure (MTTF)

One of basic measures of reliability is mean time to failure (MTTF) for non-repairable systems.
This statistical value is defined as the average time expected until the first failure of a compo-
nent of equipment. MTTF is intended to be the mean over a long period of time and with a
large number of units. For constant failure rate systems, MTTF can calculated by the failure
rate inverse, 1/λ. Assuming failure rate, λ, be in terms of failures/million hours, MTTF =
1,000,000/failure rate, λ, for components with exponential distributions. Or:

ð3Þ

For repairable systems, MTTF is the anticipated time period from repair to the first or next
break down.

3.2. Mean time to repair (MTTR)

Mean time to repair (MTTR) can described as the total time that spent to perform all corrective
or preventative maintenance repairs divided by the total of repair numbers. It is the antici-
pated time period from a failure (or shut down) to the repair or maintenance fulfillment. This is
a term that typically only used in repairable systems.

Four failure frequencies are commonly used in reliability analyses:

Failure Density f(t)- The failure density of a component or system means that first failure what
is likely to occur in the component or system at time t. In such cases, the component or system
was running at time zero.

Failure Rate or r(t)- The failure rate of a component or system is expressed as the probability
per unit time that the component or system experiences a failure at time t. In such cases, the
component or system was using at time zero and has run to time t.

Conditional failure rate or conditional failure intensity λ(t)– The conditional failure rate of a
component or system is the probability per unit time that a failure occurs in the component or
system at time t, so the component or system was operating, or was repaired to be as good as
new, at time zero and is operating at time t.

Unconditional failure intensity or failure frequency ω(t)– The definition of the unconditional
failure intensity of a component or system is the probability per unit time when the component
or system fail at time t. In such cases, the component or system was using at time zero. The
following relations (4) exist between failure parameters [2].
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Example 1 If we aim to estimate the failure rate of a certain component, we can carry out this
test. Suppose each one of 10 same components are tested until they either break down or reach
1000 hours, after this time the test is completed for each component. The results are shown in
Table 1 as follows:

Example 2 If a tractor be operated 24 hours a day, 7 days a week, so it will run 6540 hours for 1
year and at which time the MTBF number of a tractor be 1,050,000 hours:

; then the reciprocal of 160.55 years should be taken.

In the average year, we can expect to fail about 0.62% of these tractors.

Example 3 Now assuming a tractor be operated at 6320 hours a year and at which time the
MTBF number of this be 63,000 hours.

then the reciprocal of 9.968 years should be taken.

in the average year, we can expect to fail about 10.032% of

these tractors.

You assume, we let the identical tractor run 24 hours a day, 7 days a week:

Component Hours Failure

1 950 Failed

2 720 No failure

3 467 No failure

4 635 No failure

5 1000 Failed

6 602 No failure

7 1000 Failed

8 582 No failure

9 940 Failed

10 558 Failed

Totals 7454 5

or 670 failures/million use hours.

Table 1. Components failures during use hours.
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, i.e., ~13.9% of these tractors may break down in the average year.

3.1. Mean time to failure (MTTF)

One of basic measures of reliability is mean time to failure (MTTF) for non-repairable systems.
This statistical value is defined as the average time expected until the first failure of a compo-
nent of equipment. MTTF is intended to be the mean over a long period of time and with a
large number of units. For constant failure rate systems, MTTF can calculated by the failure
rate inverse, 1/λ. Assuming failure rate, λ, be in terms of failures/million hours, MTTF =
1,000,000/failure rate, λ, for components with exponential distributions. Or:

ð3Þ
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is likely to occur in the component or system at time t. In such cases, the component or system
was running at time zero.

Failure Rate or r(t)- The failure rate of a component or system is expressed as the probability
per unit time that the component or system experiences a failure at time t. In such cases, the
component or system was using at time zero and has run to time t.

Conditional failure rate or conditional failure intensity λ(t)– The conditional failure rate of a
component or system is the probability per unit time that a failure occurs in the component or
system at time t, so the component or system was operating, or was repaired to be as good as
new, at time zero and is operating at time t.

Unconditional failure intensity or failure frequency ω(t)– The definition of the unconditional
failure intensity of a component or system is the probability per unit time when the component
or system fail at time t. In such cases, the component or system was using at time zero. The
following relations (4) exist between failure parameters [2].
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ð4Þ

The difference between definitions for failure rate r(t) and conditional failure intensity λ(t)
refers to first failure that the failure rate specifies this for the component or system rather than
any failure of the component or system. Especially, if the failure rate being constant at consid-
ered time or if the component is non-repairable. These two quantities are same. So:

The conditional failure intensity (CFI) λ(t) and unconditional failure intensity ω(t) are differ-
ent because the CFI has an additional condition that the component or system has survived
to time t. The equation (5) mathematically showed the relationship between these two
quantities.

ð5Þ
3.3. Constant failure rates

If the failure rate is constant then the following expressions (6) apply:

ð6Þ

As can be seen from the equation above, a constant failure rate results in an exponential failure
density distribution.

3.4. Mean down time (MDT)

In organizational management, mean down time (MDT) is defined as the mean time that a
system is not usable. This includes all time such as repair, corrective and preventivemaintenance,
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self-imposed downtime, and any logistics or administrative delays. The MDT and MTTR (mean
time to repair) are difference due to the MDT includes any and all delays involved; MTTR looks
particularly at repair time.

Sometimes, Mean Time To Repair (MTTR) is used in this formula instead of MDT. But MTTR
may not be the identical as MDT because:

• Sometimes, the breakdown may not be considered after it has happened

• The decision may be not to repair the equipment immediately

• The equipment may not be put back in service immediately it is repaired

If you used MDTor MTTR, it is important that it reflects the total time for which the equipment
is unavailable for service, on the other hands the computed availability will be incorrect.

In the process industries, MTTR is often taken to be 8 hours, the length of a common work shift
but the repair time really might be different particularly in an installation.

3.5. Probability of failure on demand (PFD)

PFD is probability of failure on demand. The design of safety systems are often such that to
work in the background, monitoring a process, but not doing anything until a safety limit is
overpassed when they must take some action to keep the process safe. These safety systems are
often known as emergency shutdown (ESD) systems.

PFD means the unavailability of a safety task. If a demand to act occurs after a time, what is the
probability that the safety function has already failed? As you might expect, the PFD equation
looks like the equation (7) for general unavailability [3]:

PFDavg ≈λDU MDT (7)

Note that we talk about PFDavg here, the mean probability of failure on demand, which is
really the correct term to use, since the probability does change over time—the failure proba-
bility of a system will relied on how long ago you tested it.

λDU is the failure rate of dangerous undetected failures. We are not counting any failures that are
guessed to be “safe,” perhaps because they cause the process to shut down, only those failures
which remain hidden but will fail the operation of the safety function when it is called upon.

This is essential as it assures us not to suppose that a safety-related product is generally more
reliable than a general purpose product. The aim of safety-related product design is to have
especially low failure rate of the safety task, but its total failure rate (MTBF)may not be so efficient.

So, the MDT for a safety function is defined as a dangerous undetected failure will not be
obvious until either a demand comes along or a proof test would be revealed it.

Suppose we proof test our safety function every year or two, say every T1 hours. The safety
function is equally likely to fail at any time between one proof test and the next, so, on average
it is down for T1/2 hours.
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ð4Þ

The difference between definitions for failure rate r(t) and conditional failure intensity λ(t)
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to time t. The equation (5) mathematically showed the relationship between these two
quantities.

ð5Þ
3.3. Constant failure rates
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ð6Þ
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may not be the identical as MDT because:
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• The equipment may not be put back in service immediately it is repaired

If you used MDTor MTTR, it is important that it reflects the total time for which the equipment
is unavailable for service, on the other hands the computed availability will be incorrect.

In the process industries, MTTR is often taken to be 8 hours, the length of a common work shift
but the repair time really might be different particularly in an installation.
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work in the background, monitoring a process, but not doing anything until a safety limit is
overpassed when they must take some action to keep the process safe. These safety systems are
often known as emergency shutdown (ESD) systems.

PFD means the unavailability of a safety task. If a demand to act occurs after a time, what is the
probability that the safety function has already failed? As you might expect, the PFD equation
looks like the equation (7) for general unavailability [3]:

PFDavg ≈λDU MDT (7)

Note that we talk about PFDavg here, the mean probability of failure on demand, which is
really the correct term to use, since the probability does change over time—the failure proba-
bility of a system will relied on how long ago you tested it.

λDU is the failure rate of dangerous undetected failures. We are not counting any failures that are
guessed to be “safe,” perhaps because they cause the process to shut down, only those failures
which remain hidden but will fail the operation of the safety function when it is called upon.

This is essential as it assures us not to suppose that a safety-related product is generally more
reliable than a general purpose product. The aim of safety-related product design is to have
especially low failure rate of the safety task, but its total failure rate (MTBF)may not be so efficient.

So, the MDT for a safety function is defined as a dangerous undetected failure will not be
obvious until either a demand comes along or a proof test would be revealed it.

Suppose we proof test our safety function every year or two, say every T1 hours. The safety
function is equally likely to fail at any time between one proof test and the next, so, on average
it is down for T1/2 hours.
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From this we get the simplest form of PFD calculation for safety functions [3]:

PFDavg ≈½ λDU T1 (8)

3.6. SIL

Under reliability engineering, SIL is one of the most abused terms. “SIL” is often used to
mention that an equipment or system show better quality, higher reliability, or some other
desirable feature. It does not. SIL actually means safety integrity level and has a range between
1 and 4. It is applied to depict the safety protection degree required by a process and finally the
safety reliability of the safety system is essential to obtain that protection. SIL4 shows the
highest level of safety protection and SIL1 is the lowest.

Many products are demonstrated by “SIL” rated. This means that they are appropriate for use
in safety systems. In fact, if this is true, it relies on a lot of detail, which is beyond the scope of
this chapter. But remember that even when a product indeed matches with “SIL” needs that
are only reminding you that it will do a definite job in a safety system. This safety reliability
may be high, but its general reliability may not be, as mentioned in the prior section.

Useful to remember
• If an item works for a long time without breakdown, it can be said is highly reliable.

• If an item does not fail very often and, when it does, it can be quickly returned to
service, it would be highly available.

• If a system is reliable in performing its safety function, it is considered to be safe.
The system may fail much more frequently in modes that are not considered to be
dangerous.

• Finally, a safety system may be has lower MTBF in total than a non-safety system
performing a similar function.

• “SIL” does not mean a guarantee of quality or reliability, except in a defined safety
context.

• MTBF is a measure of reliability, but it is not the expected life, the useful life, or the
average life.

• Calculations of reliability and failure rate of redundant systems are complex and
often counter-intuitive.

4. Failure types

Failures generally be grouped into three basic types, though there may be more than one cause
for a particular case. The three types included: early failures, random failures and wear-out
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failures. In the early life stage, failures as infant mortality often due to defects that escape the
manufacturing process. In general, when the defective parts fail leaving a group of defect free
products, the number of failures caused by manufacture problems decrease. Consequently the
early stage failure rate decreases with age. During the useful life, failures may related to freak
accidents and mishandling that subject the product to unexpected stress conditions. Suppose
the failure rate over the useful life is generally very low and constant. As the equipment
reaches to the wear-out stage, the degradation of equipment is related to repetitious or con-
stant stress conditions. The failure rate during the wear-out stage increases dramatically as
more and more occurs failure in equipment that caused by wear-out failures. When plotting
the failure rate over time as illustrated in Figure 1, these stages make the so-called “bath tub”
curve.

4.1. Early life period

To ensure the integrity of design, we used many methods. Some of the design techniques
include: burn-in (to stress devices under constant operating conditions); power cycling (to
stress devices under the surges of turn-on and turn-off); temperature cycling (to mechanically
and electrically stress devices over the temperature extremes); vibration; testing at the thermal
destruct limits; highly accelerated stress and life testing; etc. Despite usage of all these design
tools and manufacturing tools such as six sigma and quality improvement techniques, there
will still be some early failures because we will not able to control processes at the molecular
level. There is always the risk that, although the most up to date techniques are used in design
and manufacture, early breakdowns will happen. In order to remove these risks — especially
in newer product consumes some of the early useful life of a module via stress screening.
The start of operating life in initial peak represents the highest risk of failure; since in this

Figure 1. Bathtub curve for an ideal machine or component.
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From this we get the simplest form of PFD calculation for safety functions [3]:

PFDavg ≈½ λDU T1 (8)
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safety reliability of the safety system is essential to obtain that protection. SIL4 shows the
highest level of safety protection and SIL1 is the lowest.

Many products are demonstrated by “SIL” rated. This means that they are appropriate for use
in safety systems. In fact, if this is true, it relies on a lot of detail, which is beyond the scope of
this chapter. But remember that even when a product indeed matches with “SIL” needs that
are only reminding you that it will do a definite job in a safety system. This safety reliability
may be high, but its general reliability may not be, as mentioned in the prior section.

Useful to remember
• If an item works for a long time without breakdown, it can be said is highly reliable.

• If an item does not fail very often and, when it does, it can be quickly returned to
service, it would be highly available.

• If a system is reliable in performing its safety function, it is considered to be safe.
The system may fail much more frequently in modes that are not considered to be
dangerous.

• Finally, a safety system may be has lower MTBF in total than a non-safety system
performing a similar function.

• “SIL” does not mean a guarantee of quality or reliability, except in a defined safety
context.

• MTBF is a measure of reliability, but it is not the expected life, the useful life, or the
average life.

• Calculations of reliability and failure rate of redundant systems are complex and
often counter-intuitive.

4. Failure types

Failures generally be grouped into three basic types, though there may be more than one cause
for a particular case. The three types included: early failures, random failures and wear-out
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failures. In the early life stage, failures as infant mortality often due to defects that escape the
manufacturing process. In general, when the defective parts fail leaving a group of defect free
products, the number of failures caused by manufacture problems decrease. Consequently the
early stage failure rate decreases with age. During the useful life, failures may related to freak
accidents and mishandling that subject the product to unexpected stress conditions. Suppose
the failure rate over the useful life is generally very low and constant. As the equipment
reaches to the wear-out stage, the degradation of equipment is related to repetitious or con-
stant stress conditions. The failure rate during the wear-out stage increases dramatically as
more and more occurs failure in equipment that caused by wear-out failures. When plotting
the failure rate over time as illustrated in Figure 1, these stages make the so-called “bath tub”
curve.
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To ensure the integrity of design, we used many methods. Some of the design techniques
include: burn-in (to stress devices under constant operating conditions); power cycling (to
stress devices under the surges of turn-on and turn-off); temperature cycling (to mechanically
and electrically stress devices over the temperature extremes); vibration; testing at the thermal
destruct limits; highly accelerated stress and life testing; etc. Despite usage of all these design
tools and manufacturing tools such as six sigma and quality improvement techniques, there
will still be some early failures because we will not able to control processes at the molecular
level. There is always the risk that, although the most up to date techniques are used in design
and manufacture, early breakdowns will happen. In order to remove these risks — especially
in newer product consumes some of the early useful life of a module via stress screening.
The start of operating life in initial peak represents the highest risk of failure; since in this
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technique, the units are allowed to begin their somewhere closer to the flat portion of the
bathtub curve. Two factors included burn in and temperature cycling consumed the operating
life. The amount of screening needed for acceptable quality is a function of the process grade as
well as history. M-Grade modules are screened more than I-Grade modules, and I-Grade
modules are screened more than C-Grade units.

4.2. Useful life period

The maturity of product is caused that the weaker units extinct, the failure rate nearly shows a
constant trend, and modules have entered what is considered the normal life period. This
period is characterized by a relatively constant failure rate. The length of this period is related
to the product or component system life. During this period of time, the lowest failure rate
happens. Notice how the amplitude on the bathtub curve is at its lowest during this time. The
useful life period is the most common time frame for making reliability predictions.

4.3. MTBF vs. useful life

Sometimes MTBF is Mistakenly used instead of component’s useful life. Consider, the useful
life of a battery is 10 hours and the measure of MTBF is 100,000 hours. This means that in a set
of 100,000 batteries, there will be about one battery failure every 1 hour during their useful
lives.

Sometimes these numbers are so much high, it is related to the basis calculations of failure rate
in usefulness period of component, and we suppose that the component will remain in this
stage for a long period of time. In the above example, wear-out period decreases the compo-
nent life, and the usefulness period becomes much smaller than its MTBF so there is not
necessarily direct correlation between these two.

Consider another example, there are 15,000 18-year-old humans in the sample. Our investiga-
tion is related to 1 year. During this period, the death rate became 15/15,000 = 0.1%/year. The
inverse of the failure rate or MTBF is 1/0.001 = 1000. This example represents that high MTBF
values is different from the life expectancy. As people become older, more deaths occur, so the
best way to calculate MTBF would be monitor the sample to reach their end of life. Then, the
average of these life spans are computed. Then we approach to the order of 75–80 which
would be very realistic.

4.4. Wear-out period

As fatigue or wear-out occurs in components, failure rates increasing high. Power wear-out
supplies is usually due to the electrical components breakdown that are subject to physical
wear and electrical and thermal stress. Furthermore, the MTBFs or FIT rates calculated in the
useful life period no longer apply in this area of the graph. A product with a MTBF of 10 years
can still exhibit wear-out in 2 years. The wear-out time of components cannot predict by parts
count method. Electronics in general, and Vicor power supplies in particular, are designed so
that the useful life extends past the design life. This way wear-out should never occur during
the useful life of a module.
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4.5. Failure sources

There are two major categories for system outages: 1. Unplanned outages (failure) and 2.
Planned outages (maintenance) that both conducted to downtime. In terms of cost, unplanned
and planned outages are compared but use the redundant components maybe mitigate it. The
planned outage usually has a sustainable impact on the system availability, if their schemati-
zation be appropriate. They are mostly happen due to maintenance. Some causes included
periodic backup, changes in configuration, software upgrades and patches can caused by
planned downtime. According to prior research studies 44% of downtime in service providers
is unscheduled. This downtime period can spent lots of money.

Another categorization can be:

• Internal outage

• External outage

Specification and design flaws, manufacturing defects and wear-out categorized as internal
factors. The radiation, electromagnetic interference, operator error and natural disasters can
considered as external factors. However, a well-designed system or the components are highly
reliable, the failures are unavoidable, but their impact mitigation on the system is possible.

4.6. Failure rate data

The most common ways that failure rate data can be obtained as following:

• Historical data about the device or system under consideration.

Many organizations register the failure information of the equipment or systems that they
produce, in which calculation of failure rates can be used for those devices or systems. For
equipment or systems that produce recently, the historical data of similar equipment or
systems can serve as a useful estimate.

• Government and commercial failure rate data.

The available handbooks of failure rate data for various equipment can be obtained from
government and commercial sources. MIL-HDBK-217F, reliability prediction of electrical
equipment, is a military standard that provides failure rate data for many military elec-
tronic components. Several failure rate data sources are available commercially that focus
on commercial components, including some non-electronic components.

• Testing

The most accurate source of data is to test samples of the actual devices or systems in
order to generate failure data. This is often prohibitively expensive or impractical, so that
the previous data sources are often used instead.

4.7. Failure distribution types

The different types of failure distribution are provided in Table 2. For an exponential failure
distribution the hazard rate is a constant with respect to time (that is, the distribution is
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wear and electrical and thermal stress. Furthermore, the MTBFs or FIT rates calculated in the
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can still exhibit wear-out in 2 years. The wear-out time of components cannot predict by parts
count method. Electronics in general, and Vicor power supplies in particular, are designed so
that the useful life extends past the design life. This way wear-out should never occur during
the useful life of a module.
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Another categorization can be:
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considered as external factors. However, a well-designed system or the components are highly
reliable, the failures are unavoidable, but their impact mitigation on the system is possible.
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The most common ways that failure rate data can be obtained as following:
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produce, in which calculation of failure rates can be used for those devices or systems. For
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systems can serve as a useful estimate.
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The available handbooks of failure rate data for various equipment can be obtained from
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equipment, is a military standard that provides failure rate data for many military elec-
tronic components. Several failure rate data sources are available commercially that focus
on commercial components, including some non-electronic components.
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The most accurate source of data is to test samples of the actual devices or systems in
order to generate failure data. This is often prohibitively expensive or impractical, so that
the previous data sources are often used instead.

4.7. Failure distribution types

The different types of failure distribution are provided in Table 2. For an exponential failure
distribution the hazard rate is a constant with respect to time (that is, the distribution is
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“memoryless”). For other distributions, such as a Weibull distribution or a log-normal distri-
bution, the hazard function is not constant with respect to time. For some such as the deter-
ministic distribution it is monotonic increasing (analogous to “wearing out”), for others such
as the Pareto distribution it is monotonic decreasing (analogous to “burning in”), while for
many it is not monotonic.

4.8. Derivations of failure rate equations for series and parallel systems

This section shows the derivations of the system failure rates for series and parallel configura-
tions of constant failure rate components in Lambda Predict.

4.9. Series system failure rate equations

Consider a system consisting of n components in series. For this configuration, the system
reliability, Rs, is given by [4]:

ð9Þ

where R1, R2, …, Rn are the values of reliability for the n components. If the failure rates of the
components are λ1, λ2,…, λn, then the system reliability is:

ð10Þ

Therefore, the system reliability can be expressed in terms of the system failure rate, λS, as:

ð11Þ

Where and λS is constant. Note that since the component failure rates are con-
stant, the system failure rate is constant as well. In other words, the system failure rate at any
mission time is equal to the steady-state failure rate when constant failure rate components are
arranged in a series configuration. If the components have identical failure rates, λC, then:

ð12Þ

Distributions

Discrete Continuous

Binomial Covered Normal Covered

Poisson Covered Exponential Covered

Multinomial Beyond the scope Lognormal Covered

Weibull Covered

Extreme value Beyond the scope

Table 2. Failure distribution types.
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It should be pointed out that if n blocks with non-constant (i.e., time-dependent) failure rates
are arranged in a series configuration, then the system failure rate has a similar equation to the
one for constant failure rate blocks arranged in series and is given by:

ð13Þ

4.10. Parallel system failure rate equations

Consider a system with n identical constant failure rate components arranged in a simple
parallel configuration. For this case, the system reliability equation is given by:

ð14Þ
where RC is the reliability of each component. Substituting the expression for component
reliability in terms of the constant component failure rate, λC, yields:

ð15Þ

Notice that this equation does not reduce to the form of a simple exponential distribution like
for the case of a system of components arranged in series. In other words, the reliability of a
system of constant failure rate components arranged in parallel cannot be modeled using a
constant system failure rate model.

To find the failure rate of a system of n components in parallel, the relationship between the
reliability function, the probability density function and the failure rate is employed. The
failure rate is defined as the ratio between the probability density and reliability functions, or:

ð16Þ

Because the probability density function can be written in terms of the time derivative of the
reliability function, the previous equation becomes:

ð17Þ

The reliability of a system of n components in parallel is:

ð18Þ
and its time derivative is:

ð19Þ
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Substituting into the expression for the system failure rate yields:

ð20Þ

For constant failure rate components, the system failure rate becomes:

ð21Þ

Thus, the failure rate for identical constant failure rate components arranged in parallel is time-
dependent. Taking the limit of the system failure rate as t approaches infinity leads to the
following expression for the steady-state system failure rate:

ð22Þ

Applying L’Hopital’s rule one obtains:

ð23Þ

So the steady-state failure rate for a system of constant failure rate components in a simple
parallel arrangement is the failure rate of a single component. It can be shown that for a k-
out-of-n parallel configuration with identical components:

ð24Þ
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Abstract

This chapter focuses on retrofitting of historical masonry structures from the point of seis-
mic resistance based on failure analysis. In historical structures, restoration applications 
have become necessary because their life cycle of structural and nonstructural members 
is completed due to natural result of material structure, environmental conditions, and/
or user errors. One of the most important intervention decisions in restoration stages car-
ried out in historical buildings is known as retrofitted of the structure. The choice tech-
niques of retrofitting of the structural members are becoming a very important issue in 
the scope of restoration of historical masonry structures belonging to the cultural heritage. 
Additionally, it should be decided to optimally preserve such buildings’ original forms 
and to make interventions to increase the building’s service life; in this regard, it is impor-
tant to preserve the structures’ historical identity and constructional value. Therefore, 
retrofitting applications have become essential to prevent the damage level and to have 
adequate level of structural strength in order to resist dynamic effects such as earth-
quakes. In this chapter, it is aimed to determine the main principles by using conventional 
and modern techniques within the scope of laboratory tests and numerical approaches in 
recovering the historical structures.

Keywords: historical structures, retrofitting, numerical approach, visual inspection

1. Introduction

With respect to ICOMOS 2001 document, a full understanding of the structural behavior and 
material characteristics is essential for any conservation and restoration project regarding 
the architectural heritage. It is suggested that the work of analysis and evaluation should be 
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done with multidisciplinary approach, such as earthquake specialists, architects, engineers, 
and art historians. Additionally, it is considered necessary for these specialists to have com-
mon knowledge on the subject of conserving and upgrading or strengthening the historical 
structures [1].

Masonry constructions in many countries worldwide are characterized by inadequate 
resistance to earthquakes loading. The use of appropriate techniques for retrofitting of his-
torical masonry structures should be made by referencing to additional structural system 
and members as well as repair and retrofitting on period after built of the mentioned struc-
tures, and this fact is evaluated in terms of the protection of the original identity as well as 
the cultural value of the structures [2].

The preservation of the original form in the retrofitting applications of historical structures is 
taken into consideration and thus transferring building’s historical identity to future genera-
tions may be possible. Besides that, the need for refunctioning of the structure, improvement 
of repair and strengthening techniques over time, technical specifications in force, and col-
laboration of experts of different disciplines leads to the development of new solutions in the 
restoration applications.

Repair and strengthening applications are commonly applied as part of restoration works of 
historical masonry structures for recent years [3–21]. Until 1980, the applied practices consist 
of removing floor arch or timber floor by preventing load-bearing masonry wall, building 
a secondary load-bearing system apart from the present bearing system by supplying a RC 
load-bearing system inside large internal spaces, and ruining architectural structure by join-
ing columns and beams inside spaces.

In this study, seismic retrofitting applications in historical masonry structures are presented 
within the scope of laboratory tests and numerical analyses based on a cross-disciplinary 
study of civil engineering and architecture.

2. Failure analysis

Structural failures and their investigation have become an active field of professional practice 
in which experts are retained to investigate the causes of failures, as well as to provide techni-
cal assistance to know the root cause. Failure need not always mean a structural collapses. It 
can make a structure deficient or dysfunctional in usage. It may even cause secondary adverse 
effects: (i) Safety failure (injury, death, or even risk to people), (ii) functional failure (compro-
mise of intended usage), and (iii) ancillary failure (adverse effect on schedules, cost, or use) 
[22–24].

Failure analysis and prevention are significant parameters to all of the engineering disciplines. 
The materials engineer often plays a head role in the analysis of failures, whether a component 
or product fails in service or if failure occurs in manufacturing or during production process-
ing. In all cases, one must determine the cause of failure to inhibit future occurrence, and/
or to increase the performance of the structure [25]. Generally, procedure for failure analysis 
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includes: (i) collection of data and samples, (ii) preliminary examination, (iii) nondestructive 
inspection, (iv) mechanical testing, (v) selection and preservation of damaged surfaces, (vi) 
macroscopic and microscopic examination, (vii) preparation and examination of metallo-
graphic sections, (viii) damage classification, and (ix) report writing. In this chapter, the men-
tioned procedures are considered.

3. Intervention strategies

One of the most important intervention decisions in restoration carried out in historical 
structures is retrofitting of the structure. Article 10 of the Venice Charter (1964) remarks that 
“Where traditional techniques prove inadequate, the consolidation of a monument can be 
achieved by the use of any modern technique for conservation and construction, the efficacy 
of which has been proven by scientific data and experience” [1].

Retrofitting applications in historical structures are performed in accordance with the inter-
vention decisions based on conventional and modern techniques. The intervention solutions 
must rely on cost-benefit analyses and take into account their socioeconomic impact on soci-
ety. An obvious requirement is to minimize as much as possible the disturbance of the owners 
of the building during the building rehabilitation. The financial resources available decisively 
influence the intervention solutions for the particular purposes, including labor work capac-
ity, equipment, materials, duration of the work, etc. It is also compulsory to have alternative 
strategies for intervention and to evaluate the decrease in building vulnerability with various 
strategies [26].

The intervention strategy and the intervention techniques must take into account the follow-
ing criteria: (i) seismic hazard level at the construction site, (ii) characteristics of the build-
ing’s intended use (architectural constrains, original occupancy of the building, building 
structure, technical equipments within the building, etc.), (iii) building safety as a response 
to daily activities, mainly related to the seismic safety (structural vulnerability, vulnerability 
of nonstructural elements, appliances or/and equipments, building exposure or value, etc.), 
(iv) required level for building performance (life safeguarding, immediate occupancy after 
earthquake, preventing building collapse, etc.), (v) economic criteria, including insured and 
reinsured value of the building, and (vi) technological capability available at the site.

4. Retrofitting principles

As a rule, it is worth stating the preliminary consideration before the description of the ret-
rofitting techniques. Once the technique is proposed, it should be experimentally studied 
to understand the best application procedure and also its effectiveness. Even so, no general 
repair and strengthening method exists due to variability of historical masonry structures 
in materials and construction techniques. On the contrary, methods are mostly determined 
according to different masonry characteristics.
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Appropriate site and laboratory investigations should always be carried out before reinforce-
ment application through: (i) an accurate geometrical survey of the structure’s morphology; 
(ii) characterization of the constituent materials, e.g., stones and of the mortars in masonry 
structures; (iii) survey of the physical and mechanical decay; and (iv) crack pattern survey. 
Based on these considerations, it is possible to choose between several systems of retrofitting 
and application techniques.

Three important preservation principles should be kept in mind when undertaking seismic 
retrofit projects: [26]

• Historical materials should be preserved at the largest extent possible and not replaced 
wholly with other new materials in the process of seismic strengthening.

• New seismic retrofit systems, whether hidden or exposed, should respect and should be 
compatible to the architectural and structural integrity of the historical structure.

• Seismic work should be “reversible” to the largest extent possible to allow future removal 
for the use of future improved systems.

While seismic upgrading work is often more permanent than reversible, care must be taken to 
preserve historical materials to the historical appearance of the building.

In addition to the above principles, the general aim of structure conservation is to preserve 
the cultural significance of the place where the building is culturally aggregated. Places of 
cultural significance should be safeguarded and not left at risk in a vulnerable state.

The different intervention works are defined in various manners and documents from vari-
ous countries, as well as in general literature. The relationship between the stages for seismic 
rehabilitation of historical buildings is presented in Figure 1.

Figure 1. Value alteration diagram of a building [26].
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The seismic retrofitting methods can be classified as follows, as far as their target is concerned:

a. In case the target is the increase of stiffness and structural strength, the most effective 
method is the addition of walls in the existing frames. What follows is the method of add-
ing truss bracings, the method of adding walls as an extension of existing columns, and the 
use of composite materials.

b. In case the target is the increase of plasticity, the method that is recommended is the ap-
plication of jacketing on a number of selected columns, as well as the use of composite 
materials.

c. In case the target is the simultaneous increase of strength, stiffness, and plasticity of the 
structure, any seismic strengthening method can be used taking into consideration the re-
quired degree of increasing each of the above-mentioned characteristics. In case that the 
necessary increases are very high for all the three characteristics, the addition of new verti-
cal members is generally inevitable.

5. Structural evaluation of masonry structures

5.1. Historical process of the structures

Within the scope of examined masonry structures, in order to determine structural changing 
or the construction time of an examined structure, it should be investigated whether or not 
the structure is in place using ancient maps. In the stage of the restoration project, historical 
photos and old maps are utilized in collecting data and documents on the building facade; 
therefore, information on floor height, storey count, roof patio, roof form of the structure, 
relationship with the neighboring structures, and location of the windows is obtained.

5.2. Existing status of the structures

The current state of an examined structure must be defined within the context of the 
structural and nonstructural members and the position in the plane must be given. Three-
dimensional (3D) laser scanning method should be used to determine the geometric dimen-
sions and structural damage of the structure in detail. Then, the structural supplements in 
the historical process of examined structure must be presented in detail. Thus, the differ-
ences between the first period and the current situation of an examined structure will be 
clarified.

5.3. Field study

Samples are gathered from various points of a structure during laboratory test phase of 
the study and after then analyses are performed. Thereby, axial compressive strength of 
the masonry walls, shear strength, bulk density, and thick- and thin-plaster compounds 
are derived. Moreover, mechanical characteristics of bricks and pointing fillings are 
determined.
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5.3.1. Shear strength of walls in situ

Shear strength index of brick-mortar in masonry walls are defined based upon shear tests 
which are performed in different points in the structure in relation to standard. Samples are 
compressive strength and bulk density tests are performed on such samples—taken repre-
senting the brick-mortar-brick system—in the laboratory.

5.3.2. Mechanical and physical properties of mortars and brick samples

Samples from the solid brick blocks and pointing filling mortars are gathered from an exam-
ined structure. Single-axis compressive strength and bulk density tests are performed on 
brick blocks. For the purpose of determining the dead weight of the wall, density of filling 
mortars between the bricks is considered.

5.3.3. Elastic modulus of walls

In consequence of the tests performed on an examined structure, in parallel with the data and 
previous experiences acquired from other masonry structures having comparable historical 
process, construction conditions, and materials, it is decided that the elastic modulus, taking 
into consideration the condition of the existing walls, can be used on the structural model.

5.4. Laboratory analysis

As a laboratory study, physical test and chemical analysis are carried out on samples taken 
from a historical building. Subsequently, the proposal mixtures of plaster and mortar for resto-
ration are determined according to the laboratory test results. The locations of samples from the 
masonry ruin are determined. Properties and detailed visual definition of the provided samples 
are obtained. Then, samples are taken from different points of the examined structure during 
lab test stage of the study and analyses are carried out. The samples are exposed to chemical, 
physical, and mineralogical tests, such as the ratio of binders, aggregates, and mineralogical 
compositions, and textural properties of the mortar samples are analyzed, and the cause for 
deteriorations is determined by visual analysis, spot tests analysis, ignition loss analysis, reac-
tion with acid, and petrography. Before starting the analyzes, it is examined that the texture, 
color, state (integrity) of the samples; color, size, approximate quantities, apparent organic 
additives and type of aggregates in the contents of the samples. After that, the size distribu-
tion, particle properties of acid insoluble materials, and protein/ oil contents are determined. 
Samples taken are examined by content analysis within the scope of related standards along 
with visual detailing. Consequently, axial compressive strength of the masonry walls, shear 
strength, bulk density, and thick and thin plaster compounds are obtained. Also, mechanical 
characteristics of bricks and pointing fillings are obtained.

5.5. Numerical analysis

In the numerical analysis carried out with general purpose, finite element analysis software, 
period values, modal participation mass ratios, and total modal participation mass ratios 
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corresponding to the 12 modes are calculated for an examined structure in modal analysis. 
The period values are found out for x- and y-directions. For each earthquake direction in the 
regulations [27], shear stresses on the walls are attained by rating the horizontal force coming 
to the horizontal load-bearing members to horizontal section area of masonry walls. After 
that, calculated values are compared to the experimental shear stress ones. Shear stresses of 
all walls in both directions of a masonry structure are determined to be adequate to cover the 
shear stresses under earthquake effects.

5.5.1. Structural model

FE analysis of a multistorey masonry structure under seismic loading is performed. Wall 
shear strength to be used in numerical analyses is determined individually for each of the 
storey. The structural performances are determined based on the existing building’s load-
bearing data obtained by using linear elastic analyses. According to the analyses, principles 
defined as per related country’s local provisions and standards, all analyses are carried out 
using a general purpose FE software [28, 29]. In terms of evaluation of the existing structures, 
the structure is analyzed considering four different building performance levels for the exist-
ing or strengthened buildings, in addition to various level earthquake definitions. The perfor-
mance levels are specified as: (a) operational, (b) immediate occupancy, (c) life safety, and (d) 
collapse prevention or near collapse (Figure 2).

Building performance can be defined qualitatively from the point of: (i) safety afforded build-
ing occupants, during and after an earthquake; (ii) cost and feasibility of restoring the build-
ing to preearthquake circumstances; (iii) length of time the building is removed from service 
to conduct repairs; and (iv) economical, architectural, or historical effects on the community 
in general. These performance properties will be squarely related to the extent of damage 
sustained by the building during an earthquake.

In the numerical analyses performed under a described earthquake design, it is specified 
that the existing system meets the conditions set forth for life safety performance level. For 
an earthquake with 10% recovery possibility in 50 years, it is determined that the shear 
strength of all the walls in both directions of the masonry building is ordinarily adequate to 

Figure 2. Levels of building performance: (a) operational, (b) immediate occupancy, (c) life-safety, and (d) collapse 
prevention [30].
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corresponding to the 12 modes are calculated for an examined structure in modal analysis. 
The period values are found out for x- and y-directions. For each earthquake direction in the 
regulations [27], shear stresses on the walls are attained by rating the horizontal force coming 
to the horizontal load-bearing members to horizontal section area of masonry walls. After 
that, calculated values are compared to the experimental shear stress ones. Shear stresses of 
all walls in both directions of a masonry structure are determined to be adequate to cover the 
shear stresses under earthquake effects.

5.5.1. Structural model

FE analysis of a multistorey masonry structure under seismic loading is performed. Wall 
shear strength to be used in numerical analyses is determined individually for each of the 
storey. The structural performances are determined based on the existing building’s load-
bearing data obtained by using linear elastic analyses. According to the analyses, principles 
defined as per related country’s local provisions and standards, all analyses are carried out 
using a general purpose FE software [28, 29]. In terms of evaluation of the existing structures, 
the structure is analyzed considering four different building performance levels for the exist-
ing or strengthened buildings, in addition to various level earthquake definitions. The perfor-
mance levels are specified as: (a) operational, (b) immediate occupancy, (c) life safety, and (d) 
collapse prevention or near collapse (Figure 2).

Building performance can be defined qualitatively from the point of: (i) safety afforded build-
ing occupants, during and after an earthquake; (ii) cost and feasibility of restoring the build-
ing to preearthquake circumstances; (iii) length of time the building is removed from service 
to conduct repairs; and (iv) economical, architectural, or historical effects on the community 
in general. These performance properties will be squarely related to the extent of damage 
sustained by the building during an earthquake.

In the numerical analyses performed under a described earthquake design, it is specified 
that the existing system meets the conditions set forth for life safety performance level. For 
an earthquake with 10% recovery possibility in 50 years, it is determined that the shear 
strength of all the walls in both directions of the masonry building is ordinarily adequate to 

Figure 2. Levels of building performance: (a) operational, (b) immediate occupancy, (c) life-safety, and (d) collapse 
prevention [30].

General Perspectives on Seismic Retrofitting of Historical Masonry Structures
http://dx.doi.org/10.5772/intechopen.69439

123



meet the shear forces occurring under the subject to earthquake effects. In that case, it can be 
underlined that a structure meets that “immediate usage performance level”; however, due 
to insufficiencies not meeting a masonry structure definitions of the structure and partially 
determined irregularities, “life safety performance level” should be used to evaluate, rather 
than “immediate usage performance level.”

Building performance levels typically comprise a structural performance level that describes 
the limiting damage state of the structural systems, plus a nonstructural performance level 
that describes the limiting damage state of the nonstructural systems and components. A 
structure examined by using mode combination method is calculated under earthquake 
loads; all acceptances and obtained values are determined in accordance with the Turkish 
Earthquake Regulation. A three-dimensional model of an examined structure is prepared. In 
the prepared model walls and slabs that are horizontal structural members are modeled as 
shell element in the element library of the FE analysis software. Mechanical properties of the 
structural members in the model are transferred to the structural system via the data obtained 
from the experimental studies mentioned above.

5.5.2. Analysis of structures

5.5.2.1. Compliance with earthquake regulation

In determining the structure’s performance, controls are made based on local or international 
earthquake regulations [26]. A three-dimensional linear finite element analysis of examined 
multistorey masonry structure under seismic loading is carried out.

The following checks should be evaluated in accordance with seismic regulation:

• Control of the total maximum length of the masonry walls

• Nonsupported length between the vertically connected masonry wall axes to the plane of 
any masonry wall is checked in according to earthquake zone

• Limit conditions in door and window gaps in the walls

• The height of each storey should be checked in masonry buildings

Based on the regulation, supported walls in masonry structures should be as regular and 
arranged as a symmetrically or close to symmetric, and construction of local basement should 
be avoided. The structure is examined considering these criteria and it is determined whether 
the structure is regular or not on the plan.

5.5.2.2. Modal analysis

Twelve modes are calculated for the building in modal analysis and period values corre-
sponding to the modes are presented. Participation mass ratio and period values are exam-
ined and the vertical and horizontal period values are obtained. Data presented demonstrate 
that which direction is more rigid than the other direction.
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5.5.2.3. Checking of shear stress in walls

Shear stresses on the walls are obtained by proportioning the horizontal force coming to the 
horizontal load-bearing members to horizontal section area of masonry wall for each earth-
quake direction in the earthquake provision. Calculated values are compared to the experi-
mental shear stress values. Shear stresses are calculated individually for each storey and wall 
across building height. Total shear force is calculated for FE analysis for each direction by 
proportioning the total section area in that direction, and principal stress comparisons are 
made on the shell elements together with shear stress for each storey.

Storey shear forces obtained from analysis are compared to the forces that are experimen-
tally obtained and shear stress checking is carried out in the structure. Shear performance 
on x- and y-directions is presented. Shear strength of all the walls in both directions of the 
masonry building is determined to be adequate to cover the shear forces under earthquake 
effects. Also, it is checked whether the checking meet the rules for the structure geometry 
and design.

6. The retrofitting applications of masonry structures

In the retrofitting stage of the structures, plaster analyses and mechanical tests are conducted 
on the samples taken from the examined structure. After that, the structure’s existing 3D 
computer model is prepared and members that are inadequate in terms of strength are deter-
mined. Within the scope of the analysis, it is found that the structure can be converted to the 
original form of the structure. In this regard, featureless additions, which are not related to 
the original structure, are removed and restoration applications are carried out. In the scope 
of restoration applications, structural cracks on the walls are repaired using the injection 
method. Moreover, jack-arched floor, exterior facade walls, interior walls, and door/window 
gaps using different techniques are strengthened.

As a cross-disciplinary study must be carried out in the strengthening stage of the historical 
building, improved or changed details are manufactured with the approval of engineering 
and architecture disciplines. Retrofitting applications include: (i) walls, (ii) jack-arched floors 
(volta slabs), (iii) door and window gaps, and (iv) foundations. In this section, retrofitting 
applications illustrating the effectiveness of the described method will be presented. It should 
be noted that the presented applications are for example only and are not intended to be 
exhaustive.

6.1. Retrofitting of masonry walls

6.1.1. Retrofitting of cracks in masonry walls using injection technique

In an examined structure, it is decided that masonry walls will be strengthened removing plas-
tering on masonry walls, detection of structural cracks and strengthening using the method 
of injection in accordance with supervisor decisions regarding strengthening masonry walls. 
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It is aimed to increase the bearing capacity of masonry walls using injection method, as filling 
the structural slots inside the masonry walls with lime binder injection mortar.

Following completing plaster removal on all masonry walls, structural cracks are determined. 
Repair mixture ratios are determined based on the gathered samples, and the mixtures are 
prepared. The mixture is applied to the cracks by means of manual injection. Integration is 
ensured using steel clamp members in larger cracks and anchorage elements on the walls 
are anchored via epoxy.

As it takes time to settle the injection compound into the wall, application is repeated 
periodically. The compound inside the pipe is penetrated into the interior walls in time, 
the pipes are continuously injected, and this process is continued until the gaps are filled. 
Figure 3 shows possible injection application in the walls.

6.1.2. Retrofitting of masonry walls in-plane using carbon fiber wrap

Carbon fiber wrap can be used in tensile stress areas on wall members to strength dynamic 
effects, e.g., earthquake. First, applied carbon fiber locations are specified on the facades. 
Carbon fiber wrap is positioned between window gaps and storey levels and also disguised 
under plaster layer. Figure 4 shows possible carbon fiber application in the walls.

Figure 3. Injection application in the walls after plaster removal: (a) structural cracks, (b) preparation of wall surface for 
injection, and (c) injection application by manual technique.
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6.1.3. Retrofitting of internal walls using rebar grids technique

After having completed the existing plaster removal from the vertical load-carrying members, 
internal wall strengthening is applied. In this respect, anchorage holes per square meter are 
drilled on masonry walls and filled with epoxy (Figure 5).

Figure 4. Carbon fiber wrap applications on masonry walls (a and b).

Figure 5. Retrofitting of the internal walls after plaster removal: (a–c) rebar grid technique and (d) application of thick 
plaster.
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6.2. Retrofitting of jack-arched floors

Floor system strengthening consists of two separate parts: (i) Strengthening without 
removing jack-arched floors, which are positioned on the hallways and assumed as the 
original ones and (ii) applications of steel beam system installation is applied with the 
aim of lighting the weight of the building as removing featureless RC additions. Figure 6 
presents a similar application about floor strengthening.

6.3. Enhancement of lateral stability of door and window gaps

The locations and dimensions of original windows and doors are based upon a restoration 
process, and all infilled the windows and doors are opened on the facades in the current situ-
ation. Then, it can be strengthened the window- and door-gaps with steel plate to increase 
the strength in order to resist dynamic effects according to results of 3D analysis (Figure 7).

Figure 6. Retrofitting of jack arched slabs: (a) removing top layers of the slab, (b) welding of shear rebar over I-profile 
beam, (c) steel tie, (d) connections of stainless steel ties between the masonry walls, (e) anchorage of stainless steel, and 
(f) topping concrete application on slab.
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6.4. Retrofitting of foundations

For foundation strengthening, it is managed that all masonry walls are to move together by 
tying them with each other with bond beams and RC foundations and also aimed to transfer 
the load of the building to foundation system once and later to the ground (Figure 8).

Figure 7. Retrofitting of door and window gaps using steel plates (a and b).

Figure 8. Retrofitting of foundations in masonry structures.
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7. Conclusion

The chapter provides a general overview on the retrofitting of historical masonry structures 
which have critical issues in terms of seismic resistant. It is concluded that the retrofitting 
process is suitable as a practical tool for retrofitting applications. Retrofitting techniques 
of masonry structures are highly effected from the scientific and technological advances. 
Through the last decades, many retrofitting techniques have been proposed and applied to 
the structures. Accuracy of retrofitting methods depends mainly upon analyses of exam-
ined structures and classification techniques. The efficiency of the retrofitting for historical 
masonry structures is directly related to the suitability of the used methods or techniques 
with retrofitting principles. Moreover, needless to say that in addition to the retrofitting of the 
structures, maintenance and repair of the structures also plays a major role in its service life.
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7. Conclusion

The chapter provides a general overview on the retrofitting of historical masonry structures 
which have critical issues in terms of seismic resistant. It is concluded that the retrofitting 
process is suitable as a practical tool for retrofitting applications. Retrofitting techniques 
of masonry structures are highly effected from the scientific and technological advances. 
Through the last decades, many retrofitting techniques have been proposed and applied to 
the structures. Accuracy of retrofitting methods depends mainly upon analyses of exam-
ined structures and classification techniques. The efficiency of the retrofitting for historical 
masonry structures is directly related to the suitability of the used methods or techniques 
with retrofitting principles. Moreover, needless to say that in addition to the retrofitting of the 
structures, maintenance and repair of the structures also plays a major role in its service life.
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Abstract

Marine structures are designed with a requirement to have reasonably long and safe 
operational life with a risk of catastrophic failures reduced to the minimum. Still, in 
a constant wish for reduced weight structures that can withstand increased loads, 
failures occur due to one or several following causes: excessive force and/or tempera-
ture induced elastic deformation, yielding, fatigue, corrosion, creep, etc. Therefore, it 
is important to identify threats affecting the integrity of marine structures. In order 
to understand the causes of failures, structure’s load response, failure process, pos-
sible consequences and methods to cope with and prevent failures, probably the most 
suitable way would be reviewing case studies of common failures. Roughly, marine 
structural failures can be divided into structural failures of ships, propulsion system 
failures, offshore structural failure, and marine equipment failures. This book chapter 
will provide an overview of such failures taking into account failure mechanisms, tools 
used for failure analysis and critical review of possible improvements in failure analysis 
techniques.

Keywords: marine structures, failure analysis, fracture, fatigue, failure

1. Introduction

Marine structures must comply with such design requirements that the probability of fail-
ures or stability loss of parts and/or complete structures is reduced to minimum. Studies and 
analysis of marine structural failures had shown that a significant percentage of failures were 
a consequence of inadequate design due to lack of operational considerations, incomplete 
structural elements evaluations, and incorrect use of calculation methods.

Structural safety level is determined during design process by defining specific structural 
elements, material properties, and functional requirements based on the expected lifetime 
of the structure, ramifications of eventual failures and costs of failures. Time dependency 
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of strength and loads has to be taken into account because the strength of a structure will 
decrease with time while the load is varying through the lifetime of the structure.

Successful material selection process implies reconciling requirements like suitable strength 
of material, sufficient level of rigidity, appropriate heat resistance, etc. Structures that are 
susceptible to crack growth need to be made of materials selected on the basis of fracture 
mechanics parameters. Fracture mechanics parameters that define material resistance to crack 
propagation are usually determined through experimental research, but nowadays some of 
the experiments can be successfully substituted with numerical analysis. Material fracture 
behavior is usually estimated using some of the well-established fracture parameters, like 
stress intensity factor (K), J-integral or crack tip opening displacement (CTOD). Besides that, 
fatigue limit has to be taken into account, also. It has become customary to perform an opti-
mal fatigue design analysis as an integral part of design calculations. Such analyses are also 
largely based on data and procedures developed from experimental and empirical research.

Marine structural failures can be divided into three main groups: failures of ships, offshore 
structures, and marine equipment. This book chapter will provide an overview of most com-
mon case studies of such failures. Further, failure mechanisms will be emphasized and tools 
used for failure analysis outlined. Possible improvements in failure analysis techniques are 
discussed in the end of the chapter.

2. Common case studies

2.1. Ship structural failures

Maybe the most notable case of ship failures are failures of Liberty ships in the early 1940s. 
These failures gave a serious boost in the development of fracture mechanics. Ships, mass 
produced in assembly line style out of prefabricated sections as an all-welded construction, 
exhibited nearly 1500 cases of brittle fractures with 12 ships breaking in half. The results of 
failure investigation had shown that inadequate grade of steel allowed for brittle fracture at 
low temperatures. Further, rectangular hull openings, such as hatch square corners, that coin-
cided with a welded seam acted as stress concentrations points and crack origins [1].

There has been a considerable amount of failures in recent times, also. For instance, structural 
failure of container ship MOL Comfort [2, 3] in 2013. A yearlong failure investigation con-
centrated on finding the possibility of fracture occurrence and structural safety level. Results 
had shown that the hull fracture originated from the bottom butt joint in the midship part. 
A possibility that the load’s upper limit exceeded strength’s lower limit was also estimated 
using probabilistic approach. Furthermore, safety inspections of the MOL Comfort sister 
ships have shown buckling deformations (concave and convex) of the bottom shell plating of 
up to 20 mm (4 mm allowable) in height observed near the center line. Finally, a numerical 
analysis of the ship hull taking the load history into account was done. After the investigation, 
it was concluded that the load of the vertical bending moment probably exceeded the hull 
girder ultimate strength when the deviations of the uncertainty factors are taken into account, 

Failure Analysis and Prevention136

which caused the bottom shell plates to buckle due to excessive load. The reduction of breadth 
of bottom shell plate between girders increased the stress in the girder which yielded in the 
lower part resulting in the collapse occurs in the middle part of the ship, at the bottom, near 
the center line.

Bilge keels structures are used to enhance the transverse stability of ships. Cracks have been 
noticed in various ships in the internal structure of the bilge keels and on the connecting 
points to the ship’s hull. Failure analysis of the damage can identify the causes of failure and 
the analysis results serve as basis for design improvements. It has been shown, both theoreti-
cally and applying FEM analysis, that the failure locations in bilge keels structures occur in 
the stress concentration regions that are present due to the structure geometry commonly 
used, therefore new structural elements are proposed that significantly reduce the possibility 
of failure occurrence [4].

Corrosively aggressive cargo (acids, alkalis, etc.) can represent a danger to the integrity of 
ship structures. In the case of the “Stolt Rotterdam” freighter, which sank during the cargo 
loading in the port, the investigation (visual, macrofractographic, and chemical) following the 
sinking has shown that the residue valve has cracked due to a design-specific stress (stiffer 
main valve was missing), thus causing a leak of the acid that accelerated the corrosion process 
of the floor panels in the area of the leak. Also, the valve gaskets were made of a material not 
resistant to acid which also contributed to the speed of the leak [5].

Marine engines and propellers produce dynamic loads on their supportive structures which 
can lead to fatigue failures. One of the most stressed components of the engine structure is 
the bearing bushing foundation. A state-of-the-art design procedure for the bearing girders is 
comprised of essential procedures such as bearing loads determination, stresses calculation, 
and the bearing girder fatigue strength assessment [6]. The fatigue and structural durabil-
ity analysis is conducted for multi-axial stresses and opens the possibility to construct light-
weight engines.

2.2. Propulsion system failures

The propulsion system has a pivotal role on ships. A typical marine propulsion system is 
comprised of main engine, driving device, marine shaft, and propeller. Most of the failures 
occur on the propulsion shaft that is subjected to various types of loading during operation 
(torque moment, bending moment, axial thrust force, and transversal loads). The operating 
environment of the propulsion system is characterized by significant changes in temperatures 
and humidity, aggressive atmosphere, long-lasting interrupted operating time, and varia-
tions in load amplitudes. The risk of failures of the propulsion system additionally increases 
with the severity of sea and weather conditions as they have a direct effect on the dynamics 
of the load variation. All of the above has direct influence on fatigue behavior and life time of 
the propulsion shaft.

Shaft keys are recognized as a potential origin of growing cracks. The geometry of the ends of 
keyways represents a stress concentration factor in the cases of torque transmission through 
shaft keys for dynamic vibrational loads. Faulty machining of shaft key elements (key groove, 
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tions in load amplitudes. The risk of failures of the propulsion system additionally increases 
with the severity of sea and weather conditions as they have a direct effect on the dynamics 
of the load variation. All of the above has direct influence on fatigue behavior and life time of 
the propulsion shaft.

Shaft keys are recognized as a potential origin of growing cracks. The geometry of the ends of 
keyways represents a stress concentration factor in the cases of torque transmission through 
shaft keys for dynamic vibrational loads. Faulty machining of shaft key elements (key groove, 
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keyway, and key) geometry, inadequate run out radii, or material imperfection can be root 
causes of torsional fatigue failure in shaft keys. The characteristic torsional failure indicator 
is the crack pattern that initiates at the end of the keyway and propagates in a 45° rotational 
direction in a helical shape. Also, interaction between engine body and hull must be taken into 
account, especially thermal loads that can affect the integrity of shafts and can be successfully 
solved numerically [7], Figure 1.

A case study [8] has shown that inadequate torsional vibration calculation parameters (shaft 
elements stiffness and damping, natural frequencies, safety factors) and a subsequent poor 
design of the shaft’s keyway cause failures. In this case a root cause analysis was done by the 
analytical stress calculation process MIL G 17859D and VDI 3822 standards. A FEM model 
was used in order to verify the existing fracture characteristics and causes.

An alternative to shaft key joints are spline joints, which are press fitted to other shaft ele-
ments. Analysis of spline joint failure [9] shows that the press fitting of the joining elements 
can cause surface deformation which in turn causes surface cracks formation. Cracks usu-
ally start on the spline teeth at the shaft junction zone. Torsional fatigue caused by fluctuat-
ing stress promotes crack growth and propagation. Inhomogeneity of the shaft material can 
additionally assist crack propagation. In this case, visual and macroscopic inspection was 
performed, followed by material chemical analysis, hardness measurement, optical, and scan-
ning electron microscope (SEM) microstructure analysis with X-ray dispersive analysis of 
particles under the SEM.

Bolted connections are used in collar coupling of shaft elements and in propeller blades con-
nections. The changes of rotation direction of the shaft results in torque moment overloading 

Figure 1. Engine body-ship hull interaction and thermal loads presenting a threat to structural integrity.
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and direction change as well as thrust force direction change. The resulting effect is a dynamic 
load on collar coupling bolts in a longer operating time [10], which can result in fatigue failure. 
The fretting that occurs on adjacent connecting surfaces in these cases creates micronotches 
that develop into fatigue cracks with the direction of failure growth in planes angled from 
35 to 60° which is not a characteristic of pure torsional fatigue failures. The analysis showed 
that the coupling bolts are subjected to an increasing bending moment which contributes to 
fatigue crack growth. The experimental research and numerical calculation done in this case 
study proved the hypothesis of variable bending stress in the coupling as the failure cause. 
Bolted connections of propeller blades and the shaft are often in a cathodic protection envi-
ronment. Hydrogen inclusions in the material and variable stress conditions can cause crack 
nucleation and propagation, finally causing a failure [11]. Fractographic analysis, chemical 
analysis, microhardness tests, slow strain rate test, microstructure analysis, and finite element 
analysis were performed in this case.

Abnormal performance of the propeller by way of one non-performing malformed blade can 
generate a uniaxial force which fluctuates once per rotation in a consistent transverse direc-
tion across the shaft. The fluctuating force generates a couple which can cause fatigue failure 
of the propeller hub [12]. Uniaxial type of failure is characterized by a fatigue fracture with 
a single origination point that progresses across the shaft from the side where the force is 
being applied and results in the final overload failure occurring on the opposite side from the 
fluctuating force. Visual inspection, detail axis alignment measurements, microscopic metal-
lurgical examination, hardness measurements, and ultrasonic scanning were used during the 
analysis.

2.3. Offshore structural failure

Offshore structures can be divided into three groups: fixed platforms (steel template and 
concrete gravity structures), compliant tower (compliant, guyed and articulated tower, and 
tension leg platform), and floating structures (floating production, storage and offloading 
systems).

The loads on offshore structures are gravity (self-weight, various equipment, fixed platform 
elements, and fluid loads), environmental (winds, waves, currents, and ice), exploitation 
loads, and seismic loads. Environmental loads play a major role in offshore structures design 
process.

In complex structures, such as offshore platforms, a fatigue failure of a single structural ele-
ment may not result in a catastrophic failure of the entire structure, but it definitely changes 
the expected lifetime of the structure. The need for structural system failure probability esti-
mation of typical marine structures in combination of fatigue and fracture arises. A proposed 
numerical and analytical method had been tested on real structures, like a Neka jack-up plat-
form (Iran Khazar) [13], by applying various fatigue sequences that could lead to the collapse 
of the platform structure. This comparison has shown that the calculated system failure prob-
ability is higher for the case of combined fatigue and fracture scenarios than for only fatigue 
or fracture induced structure collapse which emphasizes the need for regular inspections of 
marine structures.
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tension leg platform), and floating structures (floating production, storage and offloading 
systems).

The loads on offshore structures are gravity (self-weight, various equipment, fixed platform 
elements, and fluid loads), environmental (winds, waves, currents, and ice), exploitation 
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In complex structures, such as offshore platforms, a fatigue failure of a single structural ele-
ment may not result in a catastrophic failure of the entire structure, but it definitely changes 
the expected lifetime of the structure. The need for structural system failure probability esti-
mation of typical marine structures in combination of fatigue and fracture arises. A proposed 
numerical and analytical method had been tested on real structures, like a Neka jack-up plat-
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of the platform structure. This comparison has shown that the calculated system failure prob-
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Offshore pipelines are usually damaged in the form of dents and gouges, which reduces its 
static and dynamic load bearing capacity as well as the fatigue life reduction in comparison 
to undamaged pipelines. The extent of the fatigue lifetime change depends on the type of the 
dent, and it can be analyzed and assessed analytically or numerically (FEM) [14]. Fatigue life 
analysis helps in the decision on the necessity of repairs and/or replacement of the damaged 
pipelines, i.e., planning of inspection and maintenance activities. Offshore pipelines segments 
are usually connected by welds which usually contain surface of embedded defects which 
exhibit large plastic strain characteristics if fracture occurs. In such cases, nonlinear elastic 
plastic fracture response should be modeled [15].

Subsea structures are subjected to significant external pressure loads which makes structural 
buckling a dominant failure mechanism. Ultra-deep water subsea separators are key equip-
ment of subsea production in offshore petroleum industry. An experimental and numerical 
investigation on buckling and post-buckling of a 3000 m subsea separator has been done by 
Ge et al. [16]. The analysis has shown that the buckling behavior of deep sea structures can 
be assessed accurately applying numerical nonlinear global buckling analysis, proven by the 
comparison with experimental analysis results.

2.4. Marine equipment failure

This section deals with failures of marine equipment such as port or dock cranes, cables and 
ropes, pressure vessels-mounted onboard ships, and underwater pipelines.

Cranes can be subject to unexpected sudden events which can be divided into accidents and 
emergencies. Catastrophic failure of a dockside crane jib [17] occurred in the proximity of the 
standing tower, near the connection of the jib’s three main tubes to the tower. Upon the visual 
inspection of the fracture surfaces, the presence of a large pre-existing crack was  evident. 
The crack originated from a seam weld and propagated through one of the main pipes of 
the crane jib space frame. The failure occurred during maneuvering with no load attached. 
During the investigation crane material properties were obtained experimentally (tensile tests 
and Charpy impact tests) and the crane design was verified by FE analysis. Fatigue analy-
sis was conducted, according to standards (FEM 1.001, Eurocode 3), for the welding joints 
and the pipes. Failure mode analysis was done from fracture mechanics and plastic collapse 
approaches. All of the analysis and investigations brought to the conclusion that the fatigue 
design of the jib structure was not done according to standards and that the final failure was 
determined by plastic collapse, after a long stable propagation period of a dominant crack 
which originated at the edge of a seam weld.

As for the pressure vessel failures, there are two main reasons for failures, i.e., pressure part 
failure (safety valves failures, corrosion, and low water level) or fuel/air explosions in the fur-
nace (gas or liquid fuel leaks). Inadequate construction characteristics of high pressure tubes can 
cause failures. An investigation of a prematurely ruptured high-pressure oil tube has shown that 
inadequate pipe type (longitudinally welded instead of seamless) and material (design speci-
fied material replaced by a lower grade one) as well as inadequate installation procedures (not 
enough pipe clamps which allowed vibrations) resulted in vibration induced fatigue crack [18].

Failure Analysis and Prevention140

All equipment on marine structures is maintained and serviced continuously. In case of a 
malfunction, in-situ repairs are often performed. The quality of workmanship and material 
choice do have a great importance in such cases. Bending stresses in equipment elements that 
should be subjected only to tensile stress (ropes, wires, etc.) can cause failure of such elements. 
Numerical analysis of different wire rope cross section configurations is performed in order to 
determine remaining fatigue of operating wire ropes in dockside cranes [19], Figure 2.

Subsea umbilicals are composite cable and small diameter tubular bundles deployed on the 
seabed in conjunction with offshore installations for oil or gas exploitation. These tubes are 
loaded by alternating internal pressure and exposed to sea currents, i.e., dynamic loading [20]. 
Cracks in this type of equipment result in leaks and loss of load-carrying capacity. Umbilical 
tubes experience loss of circularity in shape (ovalization) and are subjected to re-rounding pro-
cedures by applying boost pressure prior to service which also translates in fatigue loading.

3. Failure causes and mechanisms

The strength of a structure represents a limit state of loading conditions above which the 
structure loses ability to achieve its specified required function. As long as the actual strength 
of the structure is kept higher than the actual loading demands, a given marine structure can 
be deemed safe. Otherwise, structural failures will occur.

Structural failure can be defined as loss of the load-carrying capacity of a component or 
member within a structure or of the structure itself (including global failure modes like 
capsizing, sinking, positioning system failures, etc.). The failure can result in catastrophic 

Figure 2. Numerical analysis of remaining fatigue life of a wire rope.
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damage (i.e., complete loss of the structure itself) or partial structure damage when the 
structure can be repaired or recovered. Global failures can more often result in fatal casual-
ties, while smaller and localized structural damage may result in pollution and recoverable 
structural damage.

Structural failure is initiated when the material in a structure is stressed to its strength limit, 
thus causing fracture or excessive deformations. The structural integrity of a marine structure 
depends on load conditions, the strength of the structure itself, manufacturing and materials 
quality level, severity of service conditions, design quality as well as various human elements 
that have effects during exploitation of the structure.

There are two distinctive groups of failure causes. The first group is comprised of unforesee-
able external or environmental effects which exert additional loading on the structure result-
ing in over-load. Such effects are extreme weather (overloads), accidental loads (collisions, 
explosions, fire, etc.), and operational errors. The second group comprises the causes for fail-
ures that occur either during the design and construction phase (dimensioning errors, poor 
construction workmanship, material imperfections) or due to phenomena growing in time 
(fatigue), both resulting in reduced actual strength in respect to the design value. All of the 
listed causes can partially or completely be a result of human factor.

The process of fatigue failure itself is highly complex in nature and it is dependent on a large 
number of parameters. The factors are numerous and perhaps the most significant are mean 
stress (distribution), residual stresses, loading characteristics and sequence, structural dimen-
sions, corrosion parameters, environmental temperature, design criteria fabrication methods 
and quality.

Failure mechanisms that usually occur in marine structures can be progressive (excessive 
yielding, buckling, excessive deformations) or sudden (brittle and fatigue fractures). Excessive 
yielding and brittle fractures occur when the load exceeds critical strength, while buckling 
and fatigue fractures depend on time and specific load conditions.

4. Failure analysis tools

The analysis methods can be grouped into methods that use nominal stresses (typical for stan-
dard codes) acting to a structure or part of a structure and then compare the stress amplitude 
to nominal S-N curves. This approach is appropriate for structures that are standardized, and 
therefore well backed up with statistical experimental data that can be used as initial assump-
tions for fatigue analysis. The alternative is the evaluation of local stresses influence to fatigue 
(notch stress factors, N-SIF).

Some authors [21] divide fatigue analysis methods in two groups: S-N approach based on fatigue 
tests and fracture mechanics approach. The first method is used for fatigue design purpose using 
simplified fatigue analysis, spectral fatigue analysis, or time domain fatigue analysis to deter-
mine fatigue loads. The second method is used for determination of acceptable flaw size, pre-
diction of crack growth behavior, planning maintenance of the structure, and similar activities.

Failure Analysis and Prevention142

The latest trend in failure analysis development is the unification of analysis methods and 
procedures [22–24], in order to obtain a comprehensive procedure of structural failure analy-
sis that would cover main failure modes and enable a safer and more efficient design, manu-
facture and maintenance processes.

4.1. Experimental tools

Nondestructive testing and examination (NDT and NDE), as well as structural health moni-
toring (SHM), of structures play a significant role in fracture analysis and control procedures. 
Any method used must not alter, change, or modify the failed condition, but must survey 
the failure in a nondestructive mode so as to not impact, change, or further degrade the fail-
ure zone. This kind of examination provides input values for fracture analysis, which yields 
results that define inspection and maintenance intervals for the structure and represent input 
values for life prediction estimates. Structures are inspected at the beginning of their service 
life in order to document initial flaws which determine the starting point of the structure 
fatigue life prediction. The most commonly used procedures for marine structures are optical 
microscopy, scanning electron microscopy (SEM), GDS, and acoustic emission (AE) testing.

Optical microscopy is a common and most widely used NDT analysis method which enables 
rapid location and identification of most external material defects. This technique is often 
used in conjunction with micro-sectioning to broaden the application. One of the main disad-
vantages is the narrow depth-of-field, especially at higher magnifications.

Scanning electron microscopy is an extension of optical microscopy in failure analysis. The 
use of electrons, instead of a light source, provides much higher magnification (up to 100,000×) 
and much better depth of field, unique imaging, and the opportunity to perform elemental 
analysis and phase identification. The examined item is placed in a vacuum enclosure and 
exposed with a finely focused electron beam. The main advantage of this method is minimal 
specimen preparation activity due to the fact that the thickness of the specimen does not pose 
any influence to the analysis, ultra-high resolution, and 3D resulting appearance of the test 
object. Various analyses of marine structures and equipment have been conducted using SEM 
[25–28], one of them being analysis of speed boat steering wheel fracture, Figure 3.

As it is well known, structural supporting members emit sounds prior to their collapse, i.e., 
failure. This fact has been the basis of the development of scientific methods of monitoring 
and analysis of these sounds with the goal to detect and locate faults in mechanically loaded 
structures and components. AE provides comprehensive information on the origin of a dis-
continuity (flaw) in a stressed component and also provides information about the develop-
ment of flaws in structures under dynamic loading. Discontinuities in stressed components 
release energy which travels in the form of high-frequency stress waves. Ultrasonic sensors 
(20 kHz–1 MHz) receive these waves or oscillations and turn them into electronic signals 
which are in turn processed on a computer yielding data about the source location, intensity 
frequency spectrum, and other parameters that are of interest for the analysis. This method 
is passive, i.e., no active source of energy is applied in order to create observable effects as in 
other NDT methods (ultrasonic, radiography, etc.). Three sources of acoustic emissions are 
recognized, namely primary, secondary, and noise. The primary sources have the greatest 
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structural significance and originate in permanent defects in the material that manifest as local 
stresses, either on microstructural or macrostructural level. The amount of acoustic emission 
energy released, and the amplitude of the resulting wave, depends on the size and the speed 
of the source event. The main advantages of AE compared to other NDT methods are that AE 
can be used in all stages of testing. Additionally, it is less sensitive to changes in geometry, the 
scanning is remote and it gives real-time evaluation [29]. The disadvantages are the sensitivity 
to signal attenuation in the structure, less repeatability do to the uniqueness of emissions for a 
specific stress/loading conditions, and external noise influence on accuracy.

4.2. Analytical tools

Although various analytical models have been proposed by a number of authors, no compre-
hensive model exists. Analytical methods have been developed for prediction of progressive 
structural failures of marine structures [30]. The finite element modeling approach for predic-
tion of the development of failures is accurate, but can be time consuming. Analytical pro-
cedures, based on spectral fatigue analysis, beam theory, fracture mechanics, and structural 
factors, can provide solutions in considerably less time when needed.

The goal is to define approaches for computing the fracture driving force in structural com-
ponents that contain cracks. The most appropriate analytical methodology for a given situa-
tion depends on geometry, loading, and material properties. The decisive choice factor is the 
character of stress. If the structure behavior is predominantly elastic, linear elastic fracture 
mechanics can yield acceptable results. On the other hand, when significant yielding precedes 
fracture, elastic-plastic methods, such as referent stress approach (RSA) and failure assessment 
diagram (FAD), need to be used. Since a purely linear elastic fracture analysis can yield invalid 
and inaccurate results, the safest approach is to adopt an analysis that spans the entire range 
from linear elastic to fully plastic behavior. One of the methods that can be applied is the FAD 
approach.

Figure 3. Experimental analysis of fractured speed boat steering wheel coupled with numerical analysis.
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The FAD approach has first been developed from the strip-yield model and it uses two param-
eters which are linearly dependent to the applied load. This method can be applied to ana-
lyze and model brittle fracture (from linear elastic to ductile overload), welded components 
fatigue behavior, or ductile tearing. The stress intensity factors are defined on the basis of the 
structure collapse stress and the geometry dependence of the strip-yield model is eliminated 
[31, 32]. The result is a curve that represents a set of points of predicted failure points, hence 
the name failure assessment diagram. The failure assessment diagram is basically an alterna-
tive method for graphically representing the fracture driving force.

Depending on the type of the equation used to model the effective stress intensity factors the 
FAD approach can be sub-divided into the strip-yield based FAD, J-based FAD, and approxi-
mated FAD. The J-based FAD includes the effects of hardening of the material, while the 
simplified approximations of the FAD curve are used to reduce the calculation times of the 
analysis. When stress-strain data are not available for the material of interest generic FAD 
expressions may be used [33], which assume that the FAD is independent of both geometry 
and material properties. The simplified curves proved adequate for most practical applica-
tions due to the fact that design stresses are usually below yield point. Fracture analysis in 
fully plastic regime requires an elastic-plastic J analysis.

Marine structures are subjected to dynamic load that are characterized by exactly unpredict-
able, stochastic changes of value (environmental factors). Most fracture mechanics analyses 
are deterministic, therefore a need to view fracture probabilistically for real world condi-
tions arise. The probabilistic fracture analysis overlaps the probability distributions of driving 
force in the structure and toughness distribution in the structure to obtain a finite probabil-
ity of failure. Probabilistic methods can take into account time-dependent crack growth and 
stress corrosion cracking by applying appropriate distribution laws. Most practical situations 
exhibit randomness and uncertainty of the analysis variables so numerical algorithms for 
probabilistic analysis may be needed to apply. The well-known Mote Carlo method has been 
proven to be suited to accompany FAD models in cases of uncertainties.

Recently, normative institutions have been involved in projects and research, together with 
industry, in order to establish probabilistic methods for planning in-service inspection for fatigue 
cracks in offshore structures. DNV-issued recommendations on how to use probabilistic methods 
for jacket structures, semisubmersibles, and floating production ships [34]. Basically, the goal of 
probabilistic method is to replace inspection planning based on engineering assessment of fatigue 
and failure consequences with mathematical models for the influence of exploitation, fatigue 
causes, and crack propagation characteristics on the lifetime of the structure to obtain a more reli-
able and secure assessment methodology independent of the engineers’ level of expertise.

Li and Chow [35] have developed a fatigue damage model by formulating a set of damage 
coupled constitutive and evolution equations in order to write a computer software that could 
predict the behavior of offshore structures under dynamic load. The fatigue damage model is 
based on sea wave’s characteristics statistics. The model also includes historical damage data.

Cui [36] has focused his research on the requirement for accurate fracture growth predictions 
that preceding fatigue strength assessment methods, mainly based on cumulative fatigue 
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damage theory using stress-endurance curves (S-N), have not taken into account. The effects 
of initial defects and load sequence are included in the prediction model. A fatigue crack prop-
agation theory has been proposed as technically feasible and adoptable method for fatigue 
life prediction using commercial FEA/FEM software packages for the calculation processes. 
The need for a database of the size and distribution of initial defects for marine structures is 
emphasized.

Li et al. [37] have developed an improved procedure for creation of standardized load-time 
history for marine structures based on a short-term load measurement. The need for load-time 
history arises from the dependency fatigue crack growth behavior to load sequence effect.

It is known that small variations in the initial (basic) assumptions for a fatigue analysis can 
have significant influence for the predicted crack growth time. As mentioned above, the S-N 
based calculations are sensitive to input parameters values and definitions [38]. As the occur-
rence of a crack is not strictly deterministic, probabilistic methods for the prediction of crack 
behavior and sizes, based on fatigue crack propagation theory, can resolve accuracy prob-
lems. Probabilistic methods require extensive database of standardized load-time histories for 
marine structures, based on extensive experimental research, which can be used in analysis 
procedures.

4.3. Numerical tools

The effective application of numerical methods in fracture mechanics and fatigue analysis 
begun with the development of computer science in the second half of the twentieth cen-
tury. Various methods were used (finite difference method, collocation methods, and Fourier-
transformations) but the finite element method (FEM) has been established as a standard due 
to its universality and efficiency. FEM enables complicated crack configuration analysis under 
complex loads and non-linear material behavior.

Recent years have brought a significant development and increase in accessibility of com-
mercial computational software and hardware for finite element analysis applications, marine 
structures included. This enables more advanced and detailed fatigue and fracture analysis 
even for more complex large-scale structures. Furthermore, numerical tools can be used to 
complement or even substitute experimental analyses, as in the material selection stage in 
design process [39], Figure 4.

As the extent of scientific material published on this matter is very ample, here recently devel-
oped methods will be briefly described and referenced.

Extended FEM (X-FEM) is the most recent finite element method developed and is used 
mainly for fracture mechanics applications. Based on the finite element method and fracture 
mechanics theory, X-FEM can be applied to solve complicated discontinuity issues including 
fracture, interface, and damage problems with great potential for use in multi-scale computa-
tion and multi-phase coupling problems. The method has been introduced in 1999 [40] and 
since then further developed by various authors. The basic idea of the method is to reduce 
the re-meshing around the crack to a minimum. The improvements enabled the crack to be 
represented in the FE model independently from the mesh itself [40, 41]. The solution for the 
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problem of modeling curved cracks was developed by forming higher order elements [42]. 
Improved XFEM methods are continuously being developed by various researchers as the 
method has been proven as very valuable.

Various computer software packages for fatigue crack growth analysis have been developed 
by NASA. FASTRAN is a life-prediction code based on the crack-closure concept and is used 
to predict crack length against cycles from a specified initial crack size to failure for many 
common crack configurations found in structural components. NASA FLAGRO v2 fatigue 
crack growth computer program developed as an aid in predicting the growth of pre-existing 
flaws and cracks in structural components using a two-dimensional model which predicts 
growth independently in two directions based on the calculation of stress intensity factors.

Recently, specific numerical automatic crack box technique (CBT) has been developed in 
order to enable to perform fine fracture mechanics calculations in various structures without 
global re-meshing [43]. The algorithm can be used for FEM calculations with ABAQUS code. 
The method represents an improvement as only the specific crack zone has to be re-meshed 

Figure 4. Numerical prediction of material fracture behavior using FE models of fracture mechanics standardized 
specimens in order to get dependence of J-integral to crack growth.
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which results in simpler and time saving calculations. Also, the method allows the analysis of 
the influence of plastic material characteristics on the crack growth path.

5. Conclusions

This chapter provided an overview of common failures of marine structures taking into 
account failure mechanisms and tools used for failure analysis. As shown, the majority of 
employed failure analysis is comprised of visual, analytical, and mechanical inspection meth-
ods in the attempt to identify failure causes. The working conditions in which marine struc-
tures operate are often stochastic in nature and strongly dependent on weather conditions at 
sea as well on loading conditions of the structure. The complexity of failure analysis accentu-
ates the need for numerical simulation of possible catastrophic scenarios during the entire 
lifetime span of the structure. If the marine structures coupled with the relevant data collected 
during maintenance procedures are numerically modeled than a tool for failure prediction 
can be developed. Therefore, complete analysis comprising analytical, experimental, and 
numerical research is desirable to obtain satisfying results.
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Abstract

This chapter reviewed existing X-ray techniques that can be used for the analysis of mate-
rials, inclusive of those used as engineering and structural components. These techniques 
are X-ray fluorescence (XRF) spectrometry, proton-induced X-ray emission (PIXE) spec-
trometry, and X-ray diffraction (XRD). These analytical techniques provide qualitative 
and quantitative information on the composition and structure of materials with preci-
sion. XRD gives information on the crystalline forms and amorphous content of materi-
als, which could be quite useful in failure analysis if the type of failure brings about 
morphological changes in the material under investigation. PIXE and XRF provide infor-
mation on the types of elements present in a sample material and their concentrations. 
PIXE is however preferable to XRF due to its higher sensitivity to trace elements and 
lower atomic number elements as well as its faster analysis. XRF and XRD are more com-
monly used than PIXE which is a powerful, high-tech method that is relatively new in 
the field of chemical research. In this chapter, the theory and principles of these analytical 
techniques are explained, and diagrams showing the components of spectrometers and 
diffractometers are provided with descriptions of how they function.

Keywords: X-rays, X-ray fluorescence (XRF), proton-induced X-ray emission (PIXE) 
spectrometry, X-ray diffraction (XRD), spectrometer, diffractometer

1. Introduction

Metallic and polymeric materials used as engineering and structural components can undergo 
mechanical failure due to a number of factors which include misuse, design errors or deficien-
cies, inadequate maintenance, overloading, and manufacturing defects [1]. The different types 
of failure a material can undergo include wear, fracture, fatigue, creep, stress, and corrosion 
[1], all of which affect the structural integrity and possibly the morphology of the material. 
Analyses of materials generally can be carried out using X-ray techniques, such as X-ray fluo-
rescence (XRF) spectrometry, proton-induced X-ray emission (PIXE) spectrometry, and X-ray 
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diffraction (XRD). A vast amount of information on elemental composition and concentration 
(XRF, PIXE), material morphology (XRD) can be obtained from X-ray techniques which make 
them very helpful in the analysis of materials generally.

X-rays were discovered in 1895 by the German physicist, Wilhelm Conrad Rӧntgen (1845–
1923) who was later awarded the Nobel prize for physics in 1901 [2]. X-rays are invisible, 
highly penetrating electromagnetic radiation of much shorter wavelength (but higher fre-
quency and energy) than visible light. The wavelength (λ) range for X-rays is from about 10−8 
to 10−11 m [3, 4] and the corresponding frequency (ν) range is from about 1016 to 1019 s−1 [4]. The 
advantages of using X-rays in analysis are: (i) it is the cheapest and most convenient method. 
(ii) X-rays are not absorbed very much by air, so the specimen need not be in an evacuated 
chamber [3]. The disadvantage is that they do not interact very strongly with lighter elements, 
so this could impose a limitation on the elements detectable by X-ray techniques.

1.1. X-ray emission theory

When samples are bombarded (irradiated) with high-energy protons (or X-rays in the case of 
XRF and XRD), the interaction of the protons with the electrons of the atoms in the sample 
causes ejection of the electrons in the innermost shells in atoms of the specimen [4, 5]. This 
creates a hole (vacancy) in the inner shell, converting it to an ion thereby putting it in an 
unstable state. To restore the atoms to more stable states, i.e., their original configurations, 
the holes in the inner shells (or orbitals) are filled by electrons from outer shells. Such transi-
tions from higher to lower energy levels are accompanied by energy emission in the form of 
X-ray photon, [4, 6] for instance an L-shell electron fills the hole in the K-shell. Since an L-shell 
electron has a higher energy than a K-shell electron, the surplus energy is emitted as X-rays. 
In a spectrum, this is seen as a line. The energy of the X-ray emitted when the vacancies are 
refilled depends on the difference in the energy of the inner shell with the initial hole and the 
energy of the electron that fills the hole. The emitted X-ray radiation is characteristic of the 
element from which they originate since each atom has its specific energy levels. The number 
of X-rays is proportional to the amount of the corresponding element within the sample. An 
energy dispersive detector is used to record and measure these X-rays and their intensities are 
then converted to elemental concentrations. An atom can have several lines due to electronic 
transitions and subsequent refilling of vacant holes by different electrons within the atom. 
This collection of lines is unique to that element and is like a fingerprint of the element.

1.2. X-ray fluorescence spectrometry

X-ray fluorescence (XRF) is a non-destructive analytical technique used for the identification 
of elements and determination of their concentrations in solid, powdered, and liquid samples 
[7, 8]. Elements present in samples are detectable by XRF up to 100% and at trace levels, usu-
ally below 1 part per million (ppm) [8]. The elements detectable by XRF range from Sodium 
to Uranium. XRF has inherent design limitations, which has reduced its sensitivity to lower 
atomic number elements making it unable to detect elements lighter than sodium. XRF is 
based on X-ray emission theory.
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The wide application of XRF in industry and research is attributable to its ability to carry out 
accurate, reproducible analyses at very high speed. With modern, computer-controlled sys-
tems, operation is fully automatic and results are typically delivered within minutes or even 
seconds [8]. XRF analyzers are able to detect the elements present in a sample by measuring 
the secondary X-rays emitted from a sample irradiated with a primary X-ray source. Since a 
sample contains several elements, each of these elements produces a unique set of lines (“fin-
gerprint”) which is used in the identification of the element. This is why XRF spectrometry 
is a good technique for the analysis of the elemental composition of a material [9]. There are 
two types of XRF techniques: energy dispersive XRF (EDXRF), which has high accuracy and is 
sensitive for heavy metal analysis; and wavelength dispersive XRF (WDXRF), which is more 
suitable for the detection of light elements and rare earths [9].

1.2.1. How X-ray fluorescence works

X-ray fluorescence functions as follows [3, 7–9]:

1. The sample, which may be in the solid or liquid form, is bombarded with high-energy  
X-ray photons (primary X-rays) from an X-ray tube.

2. When an atom of an element in the sample is struck with an X-ray of sufficient energy (i.e., 
greater than the binding energy of the atom’s K or L shell), an electron from one of the 
atom’s innermost shells (K or L) is dislodged. This creates “holes” or vacancies in one or 
more of the orbitals, thereby, converting the atoms into ions which are unstable.

3. To restore stability to the atoms, the vacancies in the inner orbitals of lower energy levels 
are filled by electrons from outer orbitals, which are at higher energy levels. This transition 
from a higher to a lower energy orbital shell may be accompanied by an energy emission 
in the form of a secondary X-ray photon, a phenomenon known as “fluorescence.” This is 
as a result of the release of excess energy by the higher orbital electron.

4. The energy (E) of the emitted fluorescence photons is determined by the difference in ener-
gies between the initial (higher) energy level (Ei) and final (lower) energy level (Ef) for the 
individual transitions. This energy difference (energy of the emitted photon) is related to 
the frequency (ν) of the photon by the mathematical expression:

  Energy  (E)  of emitted X − ray photon = Ei − Ef = hν,  (1)

i.e., E = hν, but c = λν, so ν =   c ⁄ λ  

When the expression ν =   c ⁄ λ   is substituted into E = hν, we obtain the formula.

  E =  hc ⁄ λ   (2)

where h is Planck’s constant = 6.62608  ×  10−34 J s, c is the velocity of light = 2.9979  ×  108 m s−1, 
and λ is the wavelength of the photon.
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Thus, wavelengths are inversely proportional to the energies and are characteristic of each 
element.

5. The intensity of emission, i.e., number of photons is proportional to the concentration of 
the element responsible for the emission in a sample.

6. The measurement of the energy (E) of the emitted photons is the basis of X-ray fluores-
cence (XRF) analysis.

1.2.2. X-ray fluorescence spectrometer set-up

The set-up of the XRF spectrometer is shown in Figure 1. The major components are X-ray 
tube, diffractors (crystals), detectors, and counting electronics, which are described below.

1.2.2.1. X-ray tube

X rays can be produced in a highly evacuated glass bulb, called an X-ray tube, that con-
tains two electrodes—an anode (positive electrode) and a cathode (negative electrode) [3]. 
The sealed X-ray tube is the primary radiation source and is powered by a high stability 
generator. The anode is usually made of platinum, tungsten, rhodium, or other heavy met-
als of high melting point [3, 8]. When a high voltage (about 40 KV) is applied between the 
electrodes, streams of electrons (cathode rays) are accelerated as they move from the cathode 
to the anode, producing X-rays as they strike the anode. The wavelength composition of the 
radiation from the X-ray tube depends upon the choice of anode material. For most applica-
tions, the optimal choice is a rhodium anode, although other options such as molybdenum, 
chromium, or gold may be preferable in certain circumstances [8].

Figure 1. X-ray fluorescence spectrometer set-up (Source: PANalytical, the Analytical X-ray Company [8]).
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1.2.2.2. Diffractors (crystals)

The separation of fluorescent X-ray peaks depends upon the relationship between wavelength 
and the d-spacing of the diffraction medium; consequently, a number of different crystals 
must be used to cover the full measurable range. Single crystals, such as germanium, lithum 
fluoride, and indium antimonide, are ideal diffractors for many elements [8]. More recently, 
synthetic multilayers with very small d-spacings have been introduced to provide enhanced 
sensitivity for the lighter elements [8].

1.2.2.3. Detectors

The detection of fluorescent radiation emitted is based on an ionization effect similar to that 
described under sample excitation. For the longer wavelengths produced by light elements, 
gas-filled proportional detectors are employed while short wavelengths (heavy elements) are 
measured with a scintillation detector. Both convert the photon energies into measurable volt-
age pulses [7, 8].

1.2.2.4. Counting electronics

Counting electronics record the number of pulses produced by the detectors and the energy 
levels corresponding to their amplitude [8]. Although data collection must continue for long 
enough to minimize statistical errors, measurement times as short as 2 s usually suffice for 
many elements. Longer times are required for the lightest elements, which produce relatively 
small numbers of low-energy fluorescent photons.

1.2.3. Interpretation of XRF spectra

An XRF spectrum is made up of XRF peaks with varying intensities. It is a graphical repre-
sentation of X-ray intensity peaks as a function of energy peaks. The peak energy identifies 
the element, while the peak height/intensity is generally indicative of its concentration. An 
automated routine peak search or match identifies the elements present in unknown samples 
(qualitative) and their concentrations (quantitative).

1.2.4. Energy dispersive X-ray fluorescence (EDXRF)

EDXRF is the analytical technology commonly used in portable analyzers [9]. EDXRF is 
designed to analyze groups of elements simultaneously in order to rapidly determine those 
elements present in the sample and their relative concentrations. To understand how this 
method can be used, consider scrap metal. People in the business of recycling scrap metals 
need to positively identify numerous alloy grades, rapidly analyze their chemical composi-
tion at material transfer points, and guarantee the quality of their product to their customers 
[9]. This is important because metal alloys are designed for specific functions and are not 
interchangeable because small variations in composition can result in significantly different 
mechanical properties. However, hand-held XRF analyzers can easily separate these grades. 
Typical uses of EDXRF include the analysis of metals and alloys, petroleum oils and fuels, 
plastic, rubber and textiles, pharmaceutical products, foodstuffs, cosmetics, body care prod-
ucts, geological materials, cement, ceramics, etc. [9].
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Thus, wavelengths are inversely proportional to the energies and are characteristic of each 
element.

5. The intensity of emission, i.e., number of photons is proportional to the concentration of 
the element responsible for the emission in a sample.

6. The measurement of the energy (E) of the emitted photons is the basis of X-ray fluores-
cence (XRF) analysis.

1.2.2. X-ray fluorescence spectrometer set-up

The set-up of the XRF spectrometer is shown in Figure 1. The major components are X-ray 
tube, diffractors (crystals), detectors, and counting electronics, which are described below.

1.2.2.1. X-ray tube

X rays can be produced in a highly evacuated glass bulb, called an X-ray tube, that con-
tains two electrodes—an anode (positive electrode) and a cathode (negative electrode) [3]. 
The sealed X-ray tube is the primary radiation source and is powered by a high stability 
generator. The anode is usually made of platinum, tungsten, rhodium, or other heavy met-
als of high melting point [3, 8]. When a high voltage (about 40 KV) is applied between the 
electrodes, streams of electrons (cathode rays) are accelerated as they move from the cathode 
to the anode, producing X-rays as they strike the anode. The wavelength composition of the 
radiation from the X-ray tube depends upon the choice of anode material. For most applica-
tions, the optimal choice is a rhodium anode, although other options such as molybdenum, 
chromium, or gold may be preferable in certain circumstances [8].

Figure 1. X-ray fluorescence spectrometer set-up (Source: PANalytical, the Analytical X-ray Company [8]).
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1.2.2.2. Diffractors (crystals)

The separation of fluorescent X-ray peaks depends upon the relationship between wavelength 
and the d-spacing of the diffraction medium; consequently, a number of different crystals 
must be used to cover the full measurable range. Single crystals, such as germanium, lithum 
fluoride, and indium antimonide, are ideal diffractors for many elements [8]. More recently, 
synthetic multilayers with very small d-spacings have been introduced to provide enhanced 
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1.2.2.3. Detectors

The detection of fluorescent radiation emitted is based on an ionization effect similar to that 
described under sample excitation. For the longer wavelengths produced by light elements, 
gas-filled proportional detectors are employed while short wavelengths (heavy elements) are 
measured with a scintillation detector. Both convert the photon energies into measurable volt-
age pulses [7, 8].

1.2.2.4. Counting electronics

Counting electronics record the number of pulses produced by the detectors and the energy 
levels corresponding to their amplitude [8]. Although data collection must continue for long 
enough to minimize statistical errors, measurement times as short as 2 s usually suffice for 
many elements. Longer times are required for the lightest elements, which produce relatively 
small numbers of low-energy fluorescent photons.

1.2.3. Interpretation of XRF spectra

An XRF spectrum is made up of XRF peaks with varying intensities. It is a graphical repre-
sentation of X-ray intensity peaks as a function of energy peaks. The peak energy identifies 
the element, while the peak height/intensity is generally indicative of its concentration. An 
automated routine peak search or match identifies the elements present in unknown samples 
(qualitative) and their concentrations (quantitative).

1.2.4. Energy dispersive X-ray fluorescence (EDXRF)

EDXRF is the analytical technology commonly used in portable analyzers [9]. EDXRF is 
designed to analyze groups of elements simultaneously in order to rapidly determine those 
elements present in the sample and their relative concentrations. To understand how this 
method can be used, consider scrap metal. People in the business of recycling scrap metals 
need to positively identify numerous alloy grades, rapidly analyze their chemical composi-
tion at material transfer points, and guarantee the quality of their product to their customers 
[9]. This is important because metal alloys are designed for specific functions and are not 
interchangeable because small variations in composition can result in significantly different 
mechanical properties. However, hand-held XRF analyzers can easily separate these grades. 
Typical uses of EDXRF include the analysis of metals and alloys, petroleum oils and fuels, 
plastic, rubber and textiles, pharmaceutical products, foodstuffs, cosmetics, body care prod-
ucts, geological materials, cement, ceramics, etc. [9].
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2. Particle induced X-ray emission (PIXE) spectrometry

2.1. Introduction

PIXE is an analytical method based on X-ray emission theory. Particle-induced X-ray emis-
sion or proton-induced X-ray emission (PIXE) spectrometry is a powerful, non-destructive 
analytical technique used to determine the elemental composition of a solid, liquid, thin film, 
and aerosol filter samples [5]. PIXE can detect all elements from sodium to uranium, giving 
a total of 72 elements (excluding Po, At, Fr, Ra, Ac, Pa, and the inert gases) detectable using 
this method [10]. PIXE technique relies on the analysis of the energy spectra of characteristic 
X-rays emitted by the de-excitation of the atoms in the sample bombarded with high-energy 
(1–3 MeV) protons with the aid of a suitable energy dispersive detector.

This technique was first proposed in 1970 by Sven Johansson at Lund University, Sweden, 
and developed over the next few years with his colleagues, Roland Akselsson and Thomas 
B. Johansson. PIXE is similar to other spectrometric technique used in elemental analysis as it 
is based on excitation of electrons in the atoms of the elements and electronic transitions that 
produce characteristic X-rays which by measurement of their intensities, the elements can be 
identified and their concentrations quantified [8]. The X-ray spectrum is initiated by energetic 
protons which excite the inner shell electrons in the target atoms. The expulsion of these 
inner shell electrons and re-filling of their vacant positions results in the emission of X-rays. 
The energies of the emitted X-rays are unique characteristic of the elements from which they 
originate, and the number of X-rays emitted is proportional to the mass/concentration of that 
corresponding element in the sample being analyzed [3, 5, 7, 8]. The generation of X-rays in a 
sample is very strongly influenced by the bombarding proton.

The use of proton beams for excitation has several advantages over other X-ray techniques. 
These are [5]:

i. Higher sensitivity to trace elements.

ii. Faster analysis due to higher rate of data accumulation across the entire spectrum.

iii. Better sensitivity, especially for the lower atomic number elements.

The high sensitivity of PIXE in trace elements determination is due to a lower Bremstrahlung 
background, which is as a result of the deceleration of dislodged electrons when compared 
to electron excitation and the lack of a background continuum when compared with XRF 
analysis. The increasing need for elemental analysis of very small samples (0.1–1 mg) as in 
aerosol filters has made PIXE gain wide acceptance as a valuable analytical tool [5]. Samples 
(or materials) whose elemental make-up can be determined using the PIXE technique include 
oils and fuels, plastics, rubbers, textiles, pharmaceutical products, foodstuffs, cosmetics, fer-
tilizers, minerals, ores, coals, rocks and sediments, cements, ceramics, polymers, inks, resins, 
papers, soils, ash, leaves, films, tissues, forensics, catalysts, etc. [10]. The most extensive use of 
the PIXE method, however, is in the elemental analyses of atmospheric aerosol samples, dust 
and fly ash samples, different biological materials, and archeological and artistic artifacts. 
The need for small accelerators in nuclear physics research laboratories four decades ago, has 
largely confined PIXE to such laboratories; it is yet to be widely used for analytical purposes.
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2.2. Development of PIXE analytical technique

This new analytical method, which became known under the acronym PIXE, was tested and 
applied in many nuclear physics laboratories during the 1970s [5]. The development of PIXE 
has been quite rapid. There were several reasons for its rapid development; first, the growing 
global interest in environmental protection issues created a need for efficient methods of ele-
mental analysis for air pollution studies and the determination of toxic elements in the envi-
ronment and in humans. Because, PIXE is well suited for the determination of trace elements 
in a matrix of light elements, it is ideal for studies of this kind. Second, as a consequence of 
the early days of fundamental nuclear physics research, small accelerators became available 
in many nuclear physics laboratories, where they were the standard equipment. However, 
interest soon shifted to higher energies and the small machines became obsolete, as far as 
nuclear physics was concerned. An alternative to scrapping them was to use them for research 
in applied science, and PIXE was one of the most popular options. A contributory factor was 
that not only the accelerator, but also auxiliary equipment such as detectors, electronics, and 
computer facilities were available in most laboratories making it possible for feasibility tests 
to be carried out in many laboratories. PIXE is capable of detecting elemental concentrations 
down to parts per million; however, the technology is still relatively new and untested in 
wider avenues of chemical research.

2.3. Ion beam analysis (IBA) principles

PIXE is one out of the four ion beam analysis (IBA) methods. IBA consists of whole methods 
of studying materials based on the interaction at both atomic and the nuclear level, between 
accelerated charged particles (ions) and the bombarded material (sample) [11]. When a 
charged particle moving at high speed strikes a material, a number of events can take place. 
The ion can interact with the electrons and nuclei of the material atoms, slows down and 
possibly deviates from its initial trajectory. This can lead to the emission of particles and/or 
radiations (X- and γ-rays), whose energy is characteristic of the elements that constitute the 
sample.

2.3.1. Ion beam analysis methods

The spectrometric analysis of the various secondary emissions leads to the various IBA tech-
niques [5, 11, 12]:

1. PIXE (particle-induced X-ray emission) is based on atomic fluorescence and the analysis 
is performed with characteristic X-rays. PIXE is well adapted for the analysis of trace ele-
ments ranging from Na to U.

2. PIGE (particle-induced Gamma-ray emission) is based on nuclear reaction and the analy-
sis is performed with characteristic Gamma-ray. PIGE is particularly useful for analyzing 
light elements such as F and lighter elements, which are inaccessible by PIXE

3. NRA (nuclear reaction analysis) is based on nuclear reaction and the analysis is performed 
with charged particles. NRA has demonstrated its usefulness in the study of the oxidation 
and deposition of hydrocarbon residue on metallic surfaces.
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2. Particle induced X-ray emission (PIXE) spectrometry

2.1. Introduction
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a total of 72 elements (excluding Po, At, Fr, Ra, Ac, Pa, and the inert gases) detectable using 
this method [10]. PIXE technique relies on the analysis of the energy spectra of characteristic 
X-rays emitted by the de-excitation of the atoms in the sample bombarded with high-energy 
(1–3 MeV) protons with the aid of a suitable energy dispersive detector.

This technique was first proposed in 1970 by Sven Johansson at Lund University, Sweden, 
and developed over the next few years with his colleagues, Roland Akselsson and Thomas 
B. Johansson. PIXE is similar to other spectrometric technique used in elemental analysis as it 
is based on excitation of electrons in the atoms of the elements and electronic transitions that 
produce characteristic X-rays which by measurement of their intensities, the elements can be 
identified and their concentrations quantified [8]. The X-ray spectrum is initiated by energetic 
protons which excite the inner shell electrons in the target atoms. The expulsion of these 
inner shell electrons and re-filling of their vacant positions results in the emission of X-rays. 
The energies of the emitted X-rays are unique characteristic of the elements from which they 
originate, and the number of X-rays emitted is proportional to the mass/concentration of that 
corresponding element in the sample being analyzed [3, 5, 7, 8]. The generation of X-rays in a 
sample is very strongly influenced by the bombarding proton.

The use of proton beams for excitation has several advantages over other X-ray techniques. 
These are [5]:

i. Higher sensitivity to trace elements.

ii. Faster analysis due to higher rate of data accumulation across the entire spectrum.

iii. Better sensitivity, especially for the lower atomic number elements.

The high sensitivity of PIXE in trace elements determination is due to a lower Bremstrahlung 
background, which is as a result of the deceleration of dislodged electrons when compared 
to electron excitation and the lack of a background continuum when compared with XRF 
analysis. The increasing need for elemental analysis of very small samples (0.1–1 mg) as in 
aerosol filters has made PIXE gain wide acceptance as a valuable analytical tool [5]. Samples 
(or materials) whose elemental make-up can be determined using the PIXE technique include 
oils and fuels, plastics, rubbers, textiles, pharmaceutical products, foodstuffs, cosmetics, fer-
tilizers, minerals, ores, coals, rocks and sediments, cements, ceramics, polymers, inks, resins, 
papers, soils, ash, leaves, films, tissues, forensics, catalysts, etc. [10]. The most extensive use of 
the PIXE method, however, is in the elemental analyses of atmospheric aerosol samples, dust 
and fly ash samples, different biological materials, and archeological and artistic artifacts. 
The need for small accelerators in nuclear physics research laboratories four decades ago, has 
largely confined PIXE to such laboratories; it is yet to be widely used for analytical purposes.
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2.2. Development of PIXE analytical technique

This new analytical method, which became known under the acronym PIXE, was tested and 
applied in many nuclear physics laboratories during the 1970s [5]. The development of PIXE 
has been quite rapid. There were several reasons for its rapid development; first, the growing 
global interest in environmental protection issues created a need for efficient methods of ele-
mental analysis for air pollution studies and the determination of toxic elements in the envi-
ronment and in humans. Because, PIXE is well suited for the determination of trace elements 
in a matrix of light elements, it is ideal for studies of this kind. Second, as a consequence of 
the early days of fundamental nuclear physics research, small accelerators became available 
in many nuclear physics laboratories, where they were the standard equipment. However, 
interest soon shifted to higher energies and the small machines became obsolete, as far as 
nuclear physics was concerned. An alternative to scrapping them was to use them for research 
in applied science, and PIXE was one of the most popular options. A contributory factor was 
that not only the accelerator, but also auxiliary equipment such as detectors, electronics, and 
computer facilities were available in most laboratories making it possible for feasibility tests 
to be carried out in many laboratories. PIXE is capable of detecting elemental concentrations 
down to parts per million; however, the technology is still relatively new and untested in 
wider avenues of chemical research.

2.3. Ion beam analysis (IBA) principles

PIXE is one out of the four ion beam analysis (IBA) methods. IBA consists of whole methods 
of studying materials based on the interaction at both atomic and the nuclear level, between 
accelerated charged particles (ions) and the bombarded material (sample) [11]. When a 
charged particle moving at high speed strikes a material, a number of events can take place. 
The ion can interact with the electrons and nuclei of the material atoms, slows down and 
possibly deviates from its initial trajectory. This can lead to the emission of particles and/or 
radiations (X- and γ-rays), whose energy is characteristic of the elements that constitute the 
sample.

2.3.1. Ion beam analysis methods

The spectrometric analysis of the various secondary emissions leads to the various IBA tech-
niques [5, 11, 12]:

1. PIXE (particle-induced X-ray emission) is based on atomic fluorescence and the analysis 
is performed with characteristic X-rays. PIXE is well adapted for the analysis of trace ele-
ments ranging from Na to U.

2. PIGE (particle-induced Gamma-ray emission) is based on nuclear reaction and the analy-
sis is performed with characteristic Gamma-ray. PIGE is particularly useful for analyzing 
light elements such as F and lighter elements, which are inaccessible by PIXE

3. NRA (nuclear reaction analysis) is based on nuclear reaction and the analysis is performed 
with charged particles. NRA has demonstrated its usefulness in the study of the oxidation 
and deposition of hydrocarbon residue on metallic surfaces.
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4. RBS (Rutherford backscattering analysis) is based on nuclear scattering and the analysis 
is performed by charged particles. RBS has proved its efficacy in identifying and localizing 
thin layers.

2.4. PIXE analysis

2.4.1. Basic principles

As a charged particle (proton) moves through a material, it loses energy primarily by exciting 
electrons in the atoms that it passes by. Electrons in the inner shells of the atom (predomi-
nantly the K and L shells) are given enough energy to cause them to be ejected, resulting in 
an unstable atom (ion). Electrons from higher shells in the atom then “drop down” to fill 
the vacancies and in so doing, give off excess energy in the form of X-rays. The energies of 
these X-rays are characteristic of the element and therefore can be used to identify elemental 
composition. Also, by measuring intensities of characteristic X-ray lines, one can determine 
concentrations of almost all elements in the sample down to approximately 1 ppm (part per 
million).

2.4.2. Sample preparation

No special sample preparation is required in PIXE analysis as is the case in spectroscopic 
techniques (UV, IR). This minimizes the potential for error resulting from sample preparation. 
Most samples are usually analyzed in their original states, e.g., aerosol filter, archeological 
samples, soil, ash, and biological samples. However, it is very important that the area/volume 
of the sample irradiated by the beam (usually a circular area with the diameter of 1–10 mm) 
is representative of the whole sample. PIXE technique probes only the top 10–50 μm of the 
sample (depending on the material, energy of the incident beam, and most importantly, on 
the energy of characteristic X-rays), therefore if the sample is not homogeneous, as is the case 
with some pottery and geological samples, it is advisable to grind the sample to a fine pow-
der (with particle size less than 1–2 μm), thoroughly mix it with 20% analytical grade carbon 
powder and press into pellets. Samples for PIXE analysis may be in the form of solids, liquids, 
aerosol filters, and thin membranes. The samples which usually come in different forms are 
handled in different ways, the details of which are described below [10].

Solid materials such as plastics, papers, or metals are analyzed in their “as received” condi-
tion, while materials in powdered form such as fly ash, activated carbon, catalysts, and cor-
rosion products are first ground to reduce the particle size to about 200 mesh or lower and 
pressed into pellets before analysis.

Liquid samples such as oils, process waters, and solutions are analyzed using a plastic cup of 
either 8 or 3 ml in capacity with a 0.3 mil Kapton front surface window and can be analyzed as 
received by this method without modification. However, some liquids that are highly caustic 
or highly acidic may require pre-dilution or neutralization before analysis.

Aerosol filters and thin-film membrane samples are prepared on a clean bench and environ-
ment then immediately transferred to the target chamber for analysis in order to eliminate 
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chances of sample contamination. Sample preparation is done by simply placing the filters or 
membranes as they are received, into snap-together plastic holders, which are then placed in 
the sample carousel. Since no permanent mounting is used, samples may be returned intact 
to clients upon request for archiving or for further analysis.

2.5. CERD ion beam analysis (IBA) set-up (accelerator room)

The Centre for Energy Research and Development (CERD), Obafemi Awolowo University, 
Ile-Ife, Nigeria, acquired a 1.7 MeV Tandem Pelletron accelerator a few years ago. It is the 
first ion beam facility in Nigeria, and the only one in the West African sub-region [11]. This 
facility has provided the opportunity for CERD to apply ion beam analysis techniques in 
the accelerator laboratory, particularly, particle-induced X-ray emission (PIXE), Rutherford 
backscattering spectroscopy (RBS), particle-induced Gamma-ray emission (PIGE), and elastic 
recoil detection analysis (ERDA). However, the focus of this chapter is only on PIXE since it 
is based on the theory of X-ray emission, which makes it an X-ray technique that can be used 
in the analysis of materials.

The ion beam analysis (IBA) setup, generally known as the accelerator room, is presented 
in Figure 2 The major components of the setup are the accelerator, end station, and detector 
[5, 11, 12].

Figure 2. General view of ion beam analysis (IBA) setup at the Centre for Energy Research and Development (CERD), 
Obafemi Awolowo University, Ile-Ife, Nigeria (Source: [11, 13]).
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4. RBS (Rutherford backscattering analysis) is based on nuclear scattering and the analysis 
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with some pottery and geological samples, it is advisable to grind the sample to a fine pow-
der (with particle size less than 1–2 μm), thoroughly mix it with 20% analytical grade carbon 
powder and press into pellets. Samples for PIXE analysis may be in the form of solids, liquids, 
aerosol filters, and thin membranes. The samples which usually come in different forms are 
handled in different ways, the details of which are described below [10].

Solid materials such as plastics, papers, or metals are analyzed in their “as received” condi-
tion, while materials in powdered form such as fly ash, activated carbon, catalysts, and cor-
rosion products are first ground to reduce the particle size to about 200 mesh or lower and 
pressed into pellets before analysis.

Liquid samples such as oils, process waters, and solutions are analyzed using a plastic cup of 
either 8 or 3 ml in capacity with a 0.3 mil Kapton front surface window and can be analyzed as 
received by this method without modification. However, some liquids that are highly caustic 
or highly acidic may require pre-dilution or neutralization before analysis.

Aerosol filters and thin-film membrane samples are prepared on a clean bench and environ-
ment then immediately transferred to the target chamber for analysis in order to eliminate 
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chances of sample contamination. Sample preparation is done by simply placing the filters or 
membranes as they are received, into snap-together plastic holders, which are then placed in 
the sample carousel. Since no permanent mounting is used, samples may be returned intact 
to clients upon request for archiving or for further analysis.

2.5. CERD ion beam analysis (IBA) set-up (accelerator room)

The Centre for Energy Research and Development (CERD), Obafemi Awolowo University, 
Ile-Ife, Nigeria, acquired a 1.7 MeV Tandem Pelletron accelerator a few years ago. It is the 
first ion beam facility in Nigeria, and the only one in the West African sub-region [11]. This 
facility has provided the opportunity for CERD to apply ion beam analysis techniques in 
the accelerator laboratory, particularly, particle-induced X-ray emission (PIXE), Rutherford 
backscattering spectroscopy (RBS), particle-induced Gamma-ray emission (PIGE), and elastic 
recoil detection analysis (ERDA). However, the focus of this chapter is only on PIXE since it 
is based on the theory of X-ray emission, which makes it an X-ray technique that can be used 
in the analysis of materials.

The ion beam analysis (IBA) setup, generally known as the accelerator room, is presented 
in Figure 2 The major components of the setup are the accelerator, end station, and detector 
[5, 11, 12].

Figure 2. General view of ion beam analysis (IBA) setup at the Centre for Energy Research and Development (CERD), 
Obafemi Awolowo University, Ile-Ife, Nigeria (Source: [11, 13]).
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2.5.1. The accelerator

The IBA facility is centered on a Tandem Pelletron Accelerator, Model 5SDH, built by the 
National Electrostatics Corporation (NEC), USA. It is equipped with an RF charge exchange 
ion source (Alphatross) to provide both proton and helium ions [12]. Positive ion beam is 
extracted from a plasma in the RF source and accelerated at 4.6 KeV for protons (6 KeV for 
alphas) into the charge exchange cell, where a portion (1–2%) is converted to negative ions 
by means of rubidium vapor. These negative ions are extracted and then accelerated to the 
desired energy by the Tandem Pelletron accelerator, which has a maximum terminal volt-
age of 1.7 MV [11]. At the terminal, in the center of the accelerator, a nitrogen stripper gas 
converts the negative ions to positive ions and they undergo a second-stage of acceleration. 
Thus the accelerator can deliver a proton beam of 0.6–3.4 MeV or an alpha beam of up to 
5.1 MeV. The accelerator tank is filled with SF6 insulating gas at a pressure of 80 psig. Two 
ultrahigh vacuum turbo molecular pumps rated at 3001/s, one at the low energy (LE) end and 
the other at the high energy (HE) end of the accelerator maintain the ultrahigh vacuum which 
could reach 2 × 108 Torr inside the accelerator tube and ~10−7 Torr in the beam line extension 
[5, 11]. Control of the accelerator is facilitated by a computerized control panel with digital 
and analog displays. The accelerator has provision for five beam lines, but only PIXE is in 
use. The beam line in use (+15°) is equipped with a multi-purpose end-station for broad beam 
IBA analysis.

2.5.2. The end station

The general view of the end-station in CERD is shown in Figure 3. The end-station was 
designed and built by the Materials Research Group (MRG) at iThemba Labs, Sommerset 
West, South Africa [11].

The end-station consists of an Aluminum chamber of about 150 cm diameter and 180 cm 
height. At 90 cm height, the chamber has four ports and a window. Port 1 at 165° is for the 
RBS detector, Port 2 at 135° is for the PIXE detector, Port 3 at 30° is for the ERDA detector, 
the window at 0° is for observing the beam position and size, while port 4 at 225° is for PIGE 
[5, 11]. The chamber has a sample ladder that can accommodate eleven 13 mm samples. The 
chamber has a sample ladder that can accommodate 11 samples. The end-station has a turbo 
pump and a variable tantalum beam collimator (1, 2, 4, and 8 mm diameter) to regulate beam 
size and an isolation value.

2.5.3. The detector

The PIXE detector is a canberra Si (Li) detector (model ESLX30-150) with 30 mm2 active area, 
a 25-mm thick Be window, and 150 eV FWHM energy resolution at 5.9 KeV [11]. There is a 
wheel in front of the PIXE detector to hold up eight different absorbers (four are installed) 
to cut off low energy peaks if necessary and/or reduce the count rates of the low Z elements. 
Canberra Genie 2000 (3.1) software is used for the simultaneous acquisition of the PIXE and 
RBS data. GUPIXWIN is the computer code used for PIXE data analysis.
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2.6. PIXE spectral results

PIXE spectra are generated in parts per million due to the sensitivity of the technique. The 
PIXE spectrum of rice husk ash heated at a combustion temperature of 600°C and duration 
of 5 h is presented in Figure 4 as an example [13]. The corresponding concentrations values 
(ppm) of the elements in Figure 4, determined by computer software, are presented in Table 1.

A typical PIXE spectrum is composed of [11]:

1. Characteristic X-ray lines

2. Background

3. Spectrum artifacts

The X-ray energy spectrum consists of a continuous background together with the character-
istic X-ray lines of the atoms present in the specimen. The X-rays are detected by means of a 
Si (Li) detector and the pulses from the detector are amplified and finally registered in a pulse 
height analyzer. Since a PIXE spectrum is usually quite complicated with many peaks, some 
of them overlapping, a computer is used for its deconvolution [5]. The number of pulses in 
each peak, which is a measure of the concentration of the corresponding element in the speci-
men, is calculated.

Figure 3. General view of the IBA End Station at CERD, OAU, Ife, Nigeria showing four ports and a window for RBS, 
PIXE, ERDA, and PIGE detectors (Source: [13]).
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2.5.1. The accelerator

The IBA facility is centered on a Tandem Pelletron Accelerator, Model 5SDH, built by the 
National Electrostatics Corporation (NEC), USA. It is equipped with an RF charge exchange 
ion source (Alphatross) to provide both proton and helium ions [12]. Positive ion beam is 
extracted from a plasma in the RF source and accelerated at 4.6 KeV for protons (6 KeV for 
alphas) into the charge exchange cell, where a portion (1–2%) is converted to negative ions 
by means of rubidium vapor. These negative ions are extracted and then accelerated to the 
desired energy by the Tandem Pelletron accelerator, which has a maximum terminal volt-
age of 1.7 MV [11]. At the terminal, in the center of the accelerator, a nitrogen stripper gas 
converts the negative ions to positive ions and they undergo a second-stage of acceleration. 
Thus the accelerator can deliver a proton beam of 0.6–3.4 MeV or an alpha beam of up to 
5.1 MeV. The accelerator tank is filled with SF6 insulating gas at a pressure of 80 psig. Two 
ultrahigh vacuum turbo molecular pumps rated at 3001/s, one at the low energy (LE) end and 
the other at the high energy (HE) end of the accelerator maintain the ultrahigh vacuum which 
could reach 2 × 108 Torr inside the accelerator tube and ~10−7 Torr in the beam line extension 
[5, 11]. Control of the accelerator is facilitated by a computerized control panel with digital 
and analog displays. The accelerator has provision for five beam lines, but only PIXE is in 
use. The beam line in use (+15°) is equipped with a multi-purpose end-station for broad beam 
IBA analysis.

2.5.2. The end station

The general view of the end-station in CERD is shown in Figure 3. The end-station was 
designed and built by the Materials Research Group (MRG) at iThemba Labs, Sommerset 
West, South Africa [11].

The end-station consists of an Aluminum chamber of about 150 cm diameter and 180 cm 
height. At 90 cm height, the chamber has four ports and a window. Port 1 at 165° is for the 
RBS detector, Port 2 at 135° is for the PIXE detector, Port 3 at 30° is for the ERDA detector, 
the window at 0° is for observing the beam position and size, while port 4 at 225° is for PIGE 
[5, 11]. The chamber has a sample ladder that can accommodate eleven 13 mm samples. The 
chamber has a sample ladder that can accommodate 11 samples. The end-station has a turbo 
pump and a variable tantalum beam collimator (1, 2, 4, and 8 mm diameter) to regulate beam 
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a 25-mm thick Be window, and 150 eV FWHM energy resolution at 5.9 KeV [11]. There is a 
wheel in front of the PIXE detector to hold up eight different absorbers (four are installed) 
to cut off low energy peaks if necessary and/or reduce the count rates of the low Z elements. 
Canberra Genie 2000 (3.1) software is used for the simultaneous acquisition of the PIXE and 
RBS data. GUPIXWIN is the computer code used for PIXE data analysis.
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Element (symbol) Concentration (ppm) Statistical error (ppm)

Mg 3344.4 245.48

Al 258.9 22.39

Si 358368.2 430.04

P 7995.4 410.96

S 201.0 93.36

Cl 279.9 56.85

K 2008.3 40.97

Ca 909.3 18.46

Ti 76.5 8.34

Mn 222.4 10.52

Fe 696.2 16.78

Zn 9.6 4.10

Table 1. PIXE concentration values (ppm) of the elements in rice husk ash obtained by heating rice husks at 600°C for 
5 h [14].

Figure 4. PIXE spectrum of rice husk ash obtained by heating rice husks at 600°C for 5 h. (Source: [14]).

Failure Analysis and Prevention164

2.6.1. PIXAN-PIXE analysis software

PIXAN, the software used for the analysis of PIXE, covers the following areas [11]:

i. Spectrum analysis—Determination of peak areas.

ii. Estimation of elemental concentrations from peak areas; thin target, thick target.

iii. System calibration against standards.

PIXAN consists of five executable programs.

2.6.2. Calculation of final concentrations

For thin samples, e.g., filters: Conc (μg/cm2) =    PEAK AREA ___________ THIN   

For thick samples, e.g., solid: Conc (mg/kg) =    PEAK AREA ___________ YIELD   

Note: The spectrum of the elemental composition of rice husk ash shows a preponderance of 
silicon (present in the form of silica) in the ash as is evident from the peak height. Other elements 
present in small quantities are K, Ca, Mn, Fe, while Ti and Zn are present in minute quantities. 
With the aid of PIXAN software, the calculations of the concentrations of the elements shown in 
the spectrum were translated into figures in parts per million as shown in Table 1.

2.6.3. Conversion of concentration values of elements from parts per million (ppm) to 
percentage

It is often necessary, for practical purposes, to convert the PIXE concentration values from 
ppm to % concentration. This calculation is done as follows [13–16]:

  1 ppm =   1 ________ 1, 000, 000    (3)

  In % =   1 _____________ 1, 000, 000    × 100 =   1 ______ 10, 000    (4)

  To convert X ppm to X % =   
Xppm

 ______ 10, 000    (5)

Example: If an element has a concentration value of 1354 ppm its concentration in % is 0.1354%.

2.6.4. Conversion of concentration values of elements (in ppm) to their oxides in percentage

PIXE analysis gives the concentration of the elements in parts per million (ppm). However, if 
the samples are in the form of ash, it means the elements present are in the form of oxides. To 
convert the concentration of the elements expressed in ppm to their oxides (also in ppm), the 
former is divided by a conversion factor, which is obtained from a ratio of the element to its 
oxide as follows [13–15]:

  Oxide of element  (in ppm)  =   
concentration of element in ppm

   ______________________________  Conversion factor    (6)
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the samples are in the form of ash, it means the elements present are in the form of oxides. To 
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However to convert concentration from ppm to percentage (%), the value obtained above 
is divided by 10,000. For example, to convert Mg with concentration value of 4164.5 ppm to 
MgO (in %)

  
MgO  Concentration    (  % )    

  
=      

4164.5  ppm
 _________ 0.6031      ×      1 _____ 10000    where  0.6031  is  the  conversion  factor

         
 
  

=      6905.16 ______ 10000    = 0.6905 %   of  MgO.
    (7)  

The conversion factor is obtained from the ratios of the atomic weights of the pure elements 
to their oxides. Thus, the ratio of atomic weight of Mg to that of MgO =    24.31 _____ 40.31   , which gives the 
value of 0.6031.

3. X-ray diffraction technique

3.1. X-ray diffraction

The most commonly used device for X-ray generation is an X-ray tube, which consists of 
a cathode that emits electrons and an anode (the target). When electrons from the cathode 
are accelerated by a high voltage and bombard a metal target, usually a heavy metal such 
as copper or molybdenum, X-rays are generated. When X-rays irradiate a material sample, 
in cylindrical or pellet form, scattering occurs. The nature of scattering of the X-rays by the 
sample is determined by the morphology (degree of crystallinity and amorphousness) of the 
sample and could be coherent or incoherent. In coherent scattering, also known as X-ray diffrac-
tion there is no change in wavelength or phase between the incident and scattered rays [17]. 
Crystalline samples cause coherent scattering, while amorphous and semi-crystalline samples 
bring about incoherent scattering also known as diffuse scattering, in which there is change 
in both wavelength and phase. Every crystalline substance scatters X-rays in its own unique 
diffraction pattern due to differences in planar spacing of the crystals. The diffraction pattern 
of crystalline materials is composed of a series of concentric cones arising from scattering by 
the crystal planes. As the degree of crystallinity increases, the rings become more sharply 
defined. Consequently, for predominantly amorphous materials, the X-ray diffraction pattern 
is diffuse and a halo (characterized by a dark-shaded portion in the center) is observable. A 
great deal of information on the morphology and structure of a material is obtainable from the 
visual inspection and mathematical interpretation of the pattern and intensity of the scattered 
radiation, such as degree of crystallinity, dimensions of crystalline domains, bond distances 
and angles, and type of conformations in the crystalline regions. In the case of mechanical 
failure of a material, the morphology may involve a transformation from a high degree of 
crystallinity to a lower degree or even amorphousness which will be evident in the X-ray dif-
fraction patterns of the material before and after failure.

3.2. X-ray diffraction as an analytical technique

X-ray diffraction (XRD) is a versatile, non-destructive analytical technique for the identifica-
tion and quantitative determination of the various crystalline forms known as “phases” of 
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compounds present in powdered and solid samples [8]. X-ray diffraction is based on con-
structive interference of monochromatic X-rays and a crystalline sample. Identification is 
achieved by comparing the X-ray diffraction pattern or “diffractogram” obtained from an 
unknown sample with an internationally recognized database containing reference patterns 
for more than 70,000 phases [8]. The most commonly used XRD methods involve the use 
of single crystals, but powder diffraction techniques are also used, especially for investigating 
solids with infinite lattice structures [18]. X-rays are chosen for these techniques because they 
have wavelengths of the same order of magnitude as typical inter-atomic distances in crystal-
line solids [19]. Consequently, diffraction is observed when X-rays interact with an array of 
atoms in a solid. The process involves generation of X-rays by a cathode ray tube, filtration to 
produce monochromatic radiation and collimation to concentrate the rays before it is directed 
towards the sample [3, 4]. The interaction of the incident X-rays with the sample produces 
constructive interference when conditions satisfy Bragg’s law. Modern computer-controlled 
diffractometer systems use automatic routines to measure, record, and interpret the unique 
diffractograms produced by individual constituents in even highly complex mixtures.

The result of an XRD measurement is a diffractogram showing: (i) phases present (peak posi-
tions), (ii) phase concentrations (peak heights), (iii) amorphous content (background hump), 
and (iv) crystallite size/strain (peak widths) [8]. The widths of the peaks in a particular phase 
pattern provide an indication of the average crystallite size. Large crystallites give rise to 
sharp peaks, while the peak width increases as crystallite size reduces. XRD can also be used 
to measure texture of sample, stress in sample, and for analysis of thin films.

A crystal lattice has a regular structure with three-dimensional distribution of atoms in space, 
e.g., cubic, rhombic. The atoms are arranged in such a way that they form a series of parallel 
planes separated from one another by a distance d, which varies according to the nature of 
the material. [8]. For any crystal, planes exist in a number of different orientations, each with 
its own specific d-spacing. Defects in the lattice structures of crystalline solids have an impor-
tant and sometimes dominating influence on the mechanical, electrical, and optical properties 
of solid materials [19]. XRD technique can be used to obtain information on the defects and 
imperfections in the crystal lattice of solids which could be natural or as a result of failure.

XRD is useful in analyzing a wide range of materials, from powders and thin films to nano-
materials and solid objects. In powders, chemical phases are identified qualitatively as well as 
quantitatively. High-resolution X-ray diffraction reveals the layer parameters, such as compo-
sition, thickness, roughness, and density in semiconductor thin films.

3.3. Diffraction and Bragg’s Law

Diffraction is a wave phenomenon in which there is apparent bending and spreading of waves 
when they meet an obstruction. Diffraction occurs with electromagnetic waves, such as light 
and radio waves as well as sound and water waves. Light diffraction is caused by light bending 
around the edge of an object. To understand diffraction, we have to consider what happens 
when a wave interacts with a single particle. The particle scatters the incident beam uniformly 
in all directions. If the beam is incident on a solid crystalline material, the scattered beams may 
add together in a few directions and reinforce each other to give diffracted beams. By studying 
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However to convert concentration from ppm to percentage (%), the value obtained above 
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compounds present in powdered and solid samples [8]. X-ray diffraction is based on con-
structive interference of monochromatic X-rays and a crystalline sample. Identification is 
achieved by comparing the X-ray diffraction pattern or “diffractogram” obtained from an 
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for more than 70,000 phases [8]. The most commonly used XRD methods involve the use 
of single crystals, but powder diffraction techniques are also used, especially for investigating 
solids with infinite lattice structures [18]. X-rays are chosen for these techniques because they 
have wavelengths of the same order of magnitude as typical inter-atomic distances in crystal-
line solids [19]. Consequently, diffraction is observed when X-rays interact with an array of 
atoms in a solid. The process involves generation of X-rays by a cathode ray tube, filtration to 
produce monochromatic radiation and collimation to concentrate the rays before it is directed 
towards the sample [3, 4]. The interaction of the incident X-rays with the sample produces 
constructive interference when conditions satisfy Bragg’s law. Modern computer-controlled 
diffractometer systems use automatic routines to measure, record, and interpret the unique 
diffractograms produced by individual constituents in even highly complex mixtures.

The result of an XRD measurement is a diffractogram showing: (i) phases present (peak posi-
tions), (ii) phase concentrations (peak heights), (iii) amorphous content (background hump), 
and (iv) crystallite size/strain (peak widths) [8]. The widths of the peaks in a particular phase 
pattern provide an indication of the average crystallite size. Large crystallites give rise to 
sharp peaks, while the peak width increases as crystallite size reduces. XRD can also be used 
to measure texture of sample, stress in sample, and for analysis of thin films.

A crystal lattice has a regular structure with three-dimensional distribution of atoms in space, 
e.g., cubic, rhombic. The atoms are arranged in such a way that they form a series of parallel 
planes separated from one another by a distance d, which varies according to the nature of 
the material. [8]. For any crystal, planes exist in a number of different orientations, each with 
its own specific d-spacing. Defects in the lattice structures of crystalline solids have an impor-
tant and sometimes dominating influence on the mechanical, electrical, and optical properties 
of solid materials [19]. XRD technique can be used to obtain information on the defects and 
imperfections in the crystal lattice of solids which could be natural or as a result of failure.

XRD is useful in analyzing a wide range of materials, from powders and thin films to nano-
materials and solid objects. In powders, chemical phases are identified qualitatively as well as 
quantitatively. High-resolution X-ray diffraction reveals the layer parameters, such as compo-
sition, thickness, roughness, and density in semiconductor thin films.

3.3. Diffraction and Bragg’s Law

Diffraction is a wave phenomenon in which there is apparent bending and spreading of waves 
when they meet an obstruction. Diffraction occurs with electromagnetic waves, such as light 
and radio waves as well as sound and water waves. Light diffraction is caused by light bending 
around the edge of an object. To understand diffraction, we have to consider what happens 
when a wave interacts with a single particle. The particle scatters the incident beam uniformly 
in all directions. If the beam is incident on a solid crystalline material, the scattered beams may 
add together in a few directions and reinforce each other to give diffracted beams. By studying 
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the diffraction pattern of a beam of radiation incident on the crystal, the structure of the crystal 
can be determined. As light is diffracted by a grating, so does radiation beam take place only 
in a certain specific direction. Measurements of the directions of the diffraction and the cor-
responding intensities provide information on the crystal structure responsible for diffraction.

3.3.1. Bragg’s Law equation

Bragg’s Law states that when a monochromatic and coherent (in-phase) beam of X-rays 
is incident on a crystal surface at an angle θ, scattering occurs; constructive interference 
of the scattered rays also occurs at angle, θ to the planes if the path length (interplanar) 
difference, d, is equal to a whole number, n, of wavelengths. The angles of the crystal and 
detector can be varied so that a particular wavelength can be measured. The efficiency of 
the scattering depends on the number and distribution of the electrons at the lattice sites, 
which is determined by the structure of the molecules that occupy the lattice site. By vary-
ing the angle θ, the Bragg’s Law conditions are satisfied by different d-spacings in poly-
crystalline materials.

Thus, the diffraction process occurs when the Bragg’s Law condition is satisfied [18]. It is 
mathematically expressed as:

  n λ = 2dsinθ  (8)

where λ is the wavelength of incident X-rays, d is the interplanar spacing, θ is the X-ray angle 
of incidence, and n is an integer.

This means that the two waves, originally in phase, have to remain in phase as they are scat-
tered. This relationship between the wavelength, λ of incident X-ray radiation and the lattice 
spacings, d of the crystal is Bragg’s law and is the basis for the technique of X-ray diffraction 
[4] (Figure 5). The interplanar spacing of a crystal lattice determines the angles at which 
strong X-ray diffractions occur. These interplanar spacings (also called lattice spacings) are 
an inherent characteristic of the crystal, for they are determined by the size and arrangement 
of its atoms. Each crystalline compound has its set of interplanar spacings and thus its own 
characteristic set of X-ray diffraction angles that like a fingerprint can be used to identify the 
substance [19] as illustrated in Figure 5.

Figure 5. Diffraction: Bragg’s Law [8].
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3.4. X-ray diffractometer set-up

An X-ray diffractometer typically consists of of an X-ray source, a mounting for the crystal, 
turntables to allow variation in the angles of the incident X-ray beam and crystal face, a slit 
arrangement, a monochromator and an X-ray detector [8, 18–20]. The setup of an X-ray dif-
fractometer is shown in Figure 6.

Stresses and preferred orientation can be determined in a wide range of solid objects and 
engineered components. Many researchers in industrial as well as scientific laboratories rely 
on X-ray diffraction as a tool to develop new materials or to improve speed and efficiency 
of production processes. Fully automated X-ray diffraction analysis in mining and build-
ing materials production sites results in more cost-effective solutions for production control. 
Innovations in XRD closely follow research on new materials such as in semiconductor tech-
nologies and pharmaceutical investigations. XRD provides answers to many analytical ques-
tions related to the structure of material samples which makes it a useful tool in the analysis 
of failure in materials.

4. Conclusion

This review has shown that a great deal of information is obtainable with precision from the 
use of X-ray techniques in the analysis of materials. Analysis by XRD technique provides infor-
mation for the identification and quantitative determination of the various crystalline forms of 
a material so it is useful in detecting the morphological changes that have occurred in a mate-
rial after failure, if the crystal lattice structure has been affected. XRF and PIXE are both use-
ful in the determination of the elemental components of a material and their  concentrations. 

Figure 6. X-ray diffractometer set-up (Source: PANalytical, the analytical X-ray company [8]).
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Thus, the diffraction process occurs when the Bragg’s Law condition is satisfied [18]. It is 
mathematically expressed as:

  n λ = 2dsinθ  (8)

where λ is the wavelength of incident X-rays, d is the interplanar spacing, θ is the X-ray angle 
of incidence, and n is an integer.

This means that the two waves, originally in phase, have to remain in phase as they are scat-
tered. This relationship between the wavelength, λ of incident X-ray radiation and the lattice 
spacings, d of the crystal is Bragg’s law and is the basis for the technique of X-ray diffraction 
[4] (Figure 5). The interplanar spacing of a crystal lattice determines the angles at which 
strong X-ray diffractions occur. These interplanar spacings (also called lattice spacings) are 
an inherent characteristic of the crystal, for they are determined by the size and arrangement 
of its atoms. Each crystalline compound has its set of interplanar spacings and thus its own 
characteristic set of X-ray diffraction angles that like a fingerprint can be used to identify the 
substance [19] as illustrated in Figure 5.

Figure 5. Diffraction: Bragg’s Law [8].
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3.4. X-ray diffractometer set-up

An X-ray diffractometer typically consists of of an X-ray source, a mounting for the crystal, 
turntables to allow variation in the angles of the incident X-ray beam and crystal face, a slit 
arrangement, a monochromator and an X-ray detector [8, 18–20]. The setup of an X-ray dif-
fractometer is shown in Figure 6.

Stresses and preferred orientation can be determined in a wide range of solid objects and 
engineered components. Many researchers in industrial as well as scientific laboratories rely 
on X-ray diffraction as a tool to develop new materials or to improve speed and efficiency 
of production processes. Fully automated X-ray diffraction analysis in mining and build-
ing materials production sites results in more cost-effective solutions for production control. 
Innovations in XRD closely follow research on new materials such as in semiconductor tech-
nologies and pharmaceutical investigations. XRD provides answers to many analytical ques-
tions related to the structure of material samples which makes it a useful tool in the analysis 
of failure in materials.

4. Conclusion

This review has shown that a great deal of information is obtainable with precision from the 
use of X-ray techniques in the analysis of materials. Analysis by XRD technique provides infor-
mation for the identification and quantitative determination of the various crystalline forms of 
a material so it is useful in detecting the morphological changes that have occurred in a mate-
rial after failure, if the crystal lattice structure has been affected. XRF and PIXE are both use-
ful in the determination of the elemental components of a material and their  concentrations. 

Figure 6. X-ray diffractometer set-up (Source: PANalytical, the analytical X-ray company [8]).
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However, PIXE, a powerful, high-tech analytical tool is preferable to XRF, due to its higher 
sensitivity to trace elements and lower atomic number elements as well as its faster analysis. 
However, if on-the-spot analysis is required as is sometimes the case in field work, EDXRF 
and WDXRF spectrometers would be preferred due to the advantage of portability.
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Abstract

In this chapter, critical failure prevention mechanism for composite material systems is 
investigated. This chapter introduces both non-destructive failure detection methods 
and live structural tests and its applications. The investigation begins by presenting a 
brief review and analysis of current non-destructive failure detection methods. The work 
proceeds to investigate novel live structural tests, tomography and applications of the 
proposed techniques.

Keywords: critical analysis, composites, smart materials, printed circuit board (PCB), 
damage detection

1. Introduction

Failure detection methods of carbon composite material systems are currently the subject of 
much research effort in the composite material community at large; see, for example [1–4], using 
a variety of failure detection methods and control algorithms. For enhanced reliability, early 
failure detection methods with critical failure prevention are preferable. Therefore, early fail-
ure detection techniques have become increasingly popular in the composite material systems 
community. Live failure detection techniques in composite material systems offer a structured 
approach to resolve failure-related issues giving essential early indication and warning. In this 
chapter, details of live failure detection techniques will be discussed in addition a brief review 
and analysis of current non-destructive failure detection methods of composite materials.

It is necessary to review current failure detection methods and determine if any of these meth-
ods have the potential to be used on low cost consumer products with scope for high end 
specialised equipment. This will determine if there is a potential technology gap that if filled 
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will have a significant advantage to the consumer and specialist that can determine the state of 
health of equipment commonly in use. For this to be successful, the solution must be cost effec-
tive, robust, require low damage inspection knowledge and skills and be readily available.

There are a number of common causes for damage to occur and it can be certain that once 
there is a damage this will perpetuate further. The damage of a composite and its components 
can be attributed to different stages in their life: during manufacture, construction and the 
in-service life of the composite. A matrix crack typically occurs where there has been a high 
stress concentration or can be associated with thermal shrinkage during manufacture, espe-
cially with the more brittle high-temperature adhesives. Debonding occurs when an adhesive 
stops adhering to an adherend or substrate material. Debonding occurs if the physical, chemi-
cal or mechanical forces that hold the bond together are broken. Delamination is a failure in a 
laminate, often a composite, which leads to separation of the layers of reinforcement or plies. 
Delamination failure can be of several types, such as fracture within the adhesive or resin, 
fracture within the reinforcement or debonding of the resin from the reinforcement [3].

A void or blister is a pore that remains unoccupied in a composite material. A void is typi-
cally the result of an imperfection from the processing of the material and is generally deemed 
undesirable. Because a void is non-uniform in a composite material, it can affect the mechani-
cal properties and lifespan [5]. Blisters are generated in the outermost layers. Porosity can be 
caused by volatile entrapment during the curing of the resin.

Wrinkles are common when adding new layers; it is significant to eliminate them as they 
can weaken the composite [6]. The inclusion of foreign bodies in the composites can include 
backing film, grease, dirt, hair and finger prints, which can lead to areas rich or deprived 
of resin [7]. To avoid the occurrence of a catastrophic failure due to manufacturing defects, 
impacts or fatigue damage, critical structural components are regularly inspected using vari-
ous non-destructive testing methods.

The visual inspection is the most basic type of non-destructive testing method for compos-
ites [8]. Another quick and easy method for detecting exposed carbon fibres is to run a dry 
cloth over the surface as the fibres become easily snagged on damaged parts of the structure 
due to exposed fibres, this is immediately apparent to the inspector [9].

To increase the chances of visual inspection, a force may be applied to the structure acting as 
a manual flex test, which would further open up any cracks making it more likely to be seen. 
However, if proper care is not taken with this approach, it is possible that the carbon fibre can be 
excessively flexed beyond its damaged capabilities and incurs additional damages. The tap test 
is another simple test that can be performed as part of routine maintenance [10]. However, this 
technique is highly operator dependent as it requires a ‘feel’ for how it is meant to sound [11].

Radiography type testing uses X-ray and gamma rays for detecting internal imperfections or 
defects [12]. Ultrasonic inspection works by sending a high frequency sound wave into the 
structure and then measuring the reflected sound wave. The amount of energy transmitted or 
received and the time the energy received is analysed to determine the presence of flaws [13]. 
Dye penetrant method [4] can be used to detect the materials surface defects, but as it can only 
reveal surface defects and does not give details of depth of defects, it can also be difficult to 

Failure Analysis and Prevention174

test coarse surfaces. Pulse thermography [14] is an advanced non-destructive testing method, 
in this method thermal imaging cameras are used to detect material failures [15].

Acoustic method [12] is a structural health condition monitoring method which can be used 
for continuous monitoring of in-service structural components and help increase confidence 
regarding the remaining in-service lifetime if a fatigue limit cannot be defined easily. This 
method refers to the generation of transient elastic waves that are created by sudden redis-
tribution of stress in a material. When the material is subjected to a change in pressure, load 
or temperature localised sources trigger the release of energy. The energy released is in the 
form of stress waves which propagate through the material and to the surface. It is possible to 
observe such stresses with suitable sensors mounted on the material. In composite materials, 
it is feasible to monitor for matrix cracks, fibre breaks and debonding.

Eddy current testing uses a circular current to detect the presence of cracks, surface breakings 
and variations in the composition of materials as well as identifying the material itself. It is an 
electromagnet testing which is one of the oldest testing methods [16]. However, its limitations are 
that only electrically conductive materials can be inspected, the surface must be accessible to the 
probe, an excellent level of inspector training and experience is required, rough finishes can inter-
fere with the test, depth of penetration is limited and it is not suited towards large area testing.

A review of reported non-destructive testing methods for failure detection and prevention 
shows that many approaches require the composite structure either be taken to a test house 
or that relatively complex and large equipment be taken to the structure site [9]. In each 
case the equipment is large, requires a high level of competence and is typically expensive. 
Furthermore, the range of defects is wide and so requires advanced techniques to detect their 
presence, which leads to the development of live failure techniques in composite materials.

2. Design innovation

It is understood that there is a requirement in a relatively unexplored area that can be broadly 
classified as live failure techniques in composite materials. Continuing with carbon fibre as the 
material of interest, it is necessary to investigate various methods of resolving issues currently 
unsolved. Design innovation is intended to provide a structured approach to resolve such 
issues with clear and guided paths for which the theoretical solutions can be documented, 
analysed, assessed, researched and progressed through feasibility studies and ultimately 
development and prototyping of the product. Such an approach gives alternative direction 
and multiple concepts should a particular theoretical solution have a shortcoming or worst 
case fail to deliver on its targets. With several theoretical concept solutions documented and 
assessed for practical feasibility, we can continue to progress into a practical environment and 
begin the early stages of product development.

It is prudent in such an application as critical failure of composites to have a reference point 
in which to determine the successfulness of a proposed live failure system. For this reason, 
the first step before commencing works on a practical solution is to develop and document 
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will have a significant advantage to the consumer and specialist that can determine the state of 
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However, if proper care is not taken with this approach, it is possible that the carbon fibre can be 
excessively flexed beyond its damaged capabilities and incurs additional damages. The tap test 
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technique is highly operator dependent as it requires a ‘feel’ for how it is meant to sound [11].

Radiography type testing uses X-ray and gamma rays for detecting internal imperfections or 
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received and the time the energy received is analysed to determine the presence of flaws [13]. 
Dye penetrant method [4] can be used to detect the materials surface defects, but as it can only 
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Failure Analysis and Prevention174

test coarse surfaces. Pulse thermography [14] is an advanced non-destructive testing method, 
in this method thermal imaging cameras are used to detect material failures [15].

Acoustic method [12] is a structural health condition monitoring method which can be used 
for continuous monitoring of in-service structural components and help increase confidence 
regarding the remaining in-service lifetime if a fatigue limit cannot be defined easily. This 
method refers to the generation of transient elastic waves that are created by sudden redis-
tribution of stress in a material. When the material is subjected to a change in pressure, load 
or temperature localised sources trigger the release of energy. The energy released is in the 
form of stress waves which propagate through the material and to the surface. It is possible to 
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it is feasible to monitor for matrix cracks, fibre breaks and debonding.
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that only electrically conductive materials can be inspected, the surface must be accessible to the 
probe, an excellent level of inspector training and experience is required, rough finishes can inter-
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shows that many approaches require the composite structure either be taken to a test house 
or that relatively complex and large equipment be taken to the structure site [9]. In each 
case the equipment is large, requires a high level of competence and is typically expensive. 
Furthermore, the range of defects is wide and so requires advanced techniques to detect their 
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It is understood that there is a requirement in a relatively unexplored area that can be broadly 
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analysed, assessed, researched and progressed through feasibility studies and ultimately 
development and prototyping of the product. Such an approach gives alternative direction 
and multiple concepts should a particular theoretical solution have a shortcoming or worst 
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begin the early stages of product development.
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working procedures for the creation of test subjects or specimens, in this case small samples 
(batches) of carbon fibre specimens. Progressing on with this methodology, similar proce-
dures were again developed and documented for stress testing carbon sample specimens. 
This gives a solid foundation in the form of controlled test specimens along with quantised 
data in which implementations of the theoretical concept solutions can be applied and impor-
tantly evaluated against and thus measured for success.

2.1. Control structure

The control specimens comprise of a small strip of 430 g 2/2 twill vari preg carbon fibre with 
the dimension 30 × 300 mm, these are four layer plies of identical ply orientation. The samples 
are cured in a preheated environmental chamber set at 100°C for 90 min which conforms to 
the guidelines on the carbon fibre vari preg data sheet supplied by the manufacturer. The 
control structure is set at these parameters as it allows for relatively fast builds due to the 
low ply count and is of suitable size for structural tests, the low dimensions also gives mini-
mal manual labour when applying the proposed theoretical concept solutions for the failure 
detection methods already set out in the design innovation phase. It is essential that such 
rapid builds are possible due to the necessity to test destruction for each sample specimen 
in order to observe its behaviour when no foreign bodies are included. This is an essential 
requirement as additions that will be added later such as sensors or probes, for example, must 
not compromise the structural integrity of the composite which could actually lead to a lower 
strength composite material. To reiterate, it is considered desirable that any proposed early 
detection method do not impose a penalty in terms of the composites structural strength as it 
would be prior to the application of the detection system.

A small control sample batch of 10 units (specimens) is produced and logged, the higher the 
quantity of the control sample batch will increase the comparison accuracy of subsequent 
batches that are fitted with the failure detection system. The exact number of batch quantities 
lies with the project size and desired test plans. In this case, it was deemed more appropriate 
to run smaller samples during the initial concept phase of the project where the failure detec-
tion method was likely to be frequently altered. When the failure detection system is proved 
suitable for its intended operation at a more mature time during its development, then the 
batch size will be increased as only refinements will be necessary at this stage. This scaled 
approach allows for rapid prototyping that leads onto a slower polished version as the direc-
tion becomes more apparent from the research activities.

Each individual control sample specimen was analysed and the data logged. Flexural tests on 
each sample were conducted using the universal testing machine (see Figure 1). In the image, 
it can be seen that we have two points supporting the control specimen of carbon fibre and 
epoxy resin composite, the third point is applied from above and applies the deformation 
on the sample. The test is automatically monitored by a personal computer that records the 
deformation distance in millimetres and the force in Newton, from this a graph can be plotted.

Individual data analysis logs details such as the sample specimen weight. The mean values, 
variance and standard deviation are calculated with the accompanying formula. This gives 
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a quick to view reference point that can be easily remembered and referenced against for 
future builds that utilise a damage detection technique and can give indication to how much 
the damage detection system has altered the properties of the native carbon fibre composite.

Figure 2 shows key characteristics of the control sample specimens tested with the flexural 
test setup on the universal testing machine. Collective data results of the three point flexural 
test are shown in Figure 3.

Referring back to Figure 2, the graph shows the data recorded for specimen 8 of the control 
batch with regions of interest highlighted. It can be seen that the sample initially operates in 
its linear and elastic range as expected. The first potential sign of damage is at a deformation 
of approximately 16 mm and this can be seen as ‘elastic but no longer linear’ on the graph. 
This first sign of damage and could be heard as a low volume audible crack from the carbon 
fibre. Under visual observations absolutely no damage was observed. Increasing deformation 
to 19 mm equating to 215 N, a second crack is heard with increased volume and a notice-
able movement in the carbon fibre was observed as the curvature of the sample marginally 
straightened from the test point. At this point, visual observations failed to recognise actual 
surface damage, it is assumed, however, that removing the specimen from the test machine at 
this point would reveal a permanent deformation in the specimen that was originally entirely 
flat. From this deformation point onwards appreciable crackling could be heard as the matrix 
and reinforcement broke down. It was only at the fracture point that it was apparent that the 
composite had failed but was still bound by the fibres in such a way that it was still an intact 
single piece of carbon composite. Ideally, a failure detection technique would be able to moni-
tor damage when the material has gone beyond its linear and elastic range as this would give 
the maximum possible time to the user that the composite was approaching failure. Due the 
sensitivity required to detect this minuscule disturbance (which was not present across all 
control sample specimens tested), it is considered more appropriate to detect the region of 
yield strength where stronger indications of damage occur. It is assumed that if an alert can 

Figure 1. Flexural test equipment: universal testing machine.
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be issued to the operator of the structure (e.g. bicycle) at this point that enough prior warning 
has been given to be able to come to a safe stop and have the structure assessed by more in 
depth damage detection equipment such as X-ray.

These issues occur in many different applications. In this section two examples are discussed, 
firstly a bicycle application and then a quadcopter application.

Graphs are recorded and analysed on an individual basis but can be seen collectively (see 
Figure 3) for the three point flexural test: The Y-axis represents the force in Newton and the 

Figure 2. Control sample specimen.

Figure 3. Collective data of three point flexural test.
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X-axis is the deformation in millimetres. Observations show that each sample follows a simi-
lar trend but can vary at its key parameters such as fracture point, etc.

The mean weight of each sample is 26.37 g and this is a good indicator to the amount of mate-
rial used in the sample (carbon fibre and epoxy resin), it can be helpful to reference this as 
to gauge consistency of the manual work during the construction of the sample specimens. 
Other parameters and their associated equations can be seen below:

• Weight (variance):

   σ   ²  =   
∑  x   ²  −   

  (∑ x)    ² 
 ____ N  
 ________ N   = 0.15 g  (1)

Control specimen weight variance of 0.15 g from a mean value of 26.37 g.

• Peak force (variance):

   σ   ²  =   
∑  x   ²  −   

  (∑ x)    ² 
 ____ N  
 ________ N   = 133.8 N  (2)

Control specimen peak force variance of 133.8 N from a mean value of 255.9 N.

• Yield strength (variance):

   σ   ²  =   
∑  x   ²  −   

  (∑ x)    ² 
 ____ N  
 ________ N   = 40.41 GPa  (3)

Control specimen yield strength variance of 40.41 GPa from a mean value of 192.3 GPa.

Although bicycle applications are relatively safe, as they categorised in the land section of 
applications, many serious accidents do occur from continued use as the rider is unaware 
that the structure has been pushed past its performance envelope. Life-threatening events 
are more likely to occur in aviation structures such as planes if this were to go undetected. 
Although arguably impossible to come to a gradual stop in such a situation, if the pilot were 
alerted to such detection it would be possible to ‘limp home’, where by the aircraft would be 
restricted to low G movements such as turns or deceleration. Unexpectedly similar risks can 
be expected in unmanned aircraft or the ever increasingly popular quadcopters or drones. 
Although no immediate threat of life is assumed due to the lack of an onboard pilot, drones 
are increasingly flown in areas of large crowds due to their ability to carry high end photogra-
phy equipment. It is no longer uncommon for higher end drones to approach 10 kg in weight 
and exceed this, due to large professional cameras for photography and film industry. It is 
therefore appreciated that the risk of life would be to the crowds immediately below should 
damage be undetected to one of the motor arms resulting in a complete lack of vertical thrust.

2.2. Mesh structure

To satisfy the requirements of live failure detection systems at its most basic level was to 
incorporate what was deemed as the simplest concept solution being the ‘mesh structure 
concept’. For this two options are available, in the first instance a simple conductive mesh 
with insulating material is embedded within the carbon plies (Figure 5, left image), this thin 
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that the structure has been pushed past its performance envelope. Life-threatening events 
are more likely to occur in aviation structures such as planes if this were to go undetected. 
Although arguably impossible to come to a gradual stop in such a situation, if the pilot were 
alerted to such detection it would be possible to ‘limp home’, where by the aircraft would be 
restricted to low G movements such as turns or deceleration. Unexpectedly similar risks can 
be expected in unmanned aircraft or the ever increasingly popular quadcopters or drones. 
Although no immediate threat of life is assumed due to the lack of an onboard pilot, drones 
are increasingly flown in areas of large crowds due to their ability to carry high end photogra-
phy equipment. It is no longer uncommon for higher end drones to approach 10 kg in weight 
and exceed this, due to large professional cameras for photography and film industry. It is 
therefore appreciated that the risk of life would be to the crowds immediately below should 
damage be undetected to one of the motor arms resulting in a complete lack of vertical thrust.

2.2. Mesh structure

To satisfy the requirements of live failure detection systems at its most basic level was to 
incorporate what was deemed as the simplest concept solution being the ‘mesh structure 
concept’. For this two options are available, in the first instance a simple conductive mesh 
with insulating material is embedded within the carbon plies (Figure 5, left image), this thin 
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diameter mesh was constructed of low gauge enamelled copper wire with a diameter of 
0.22 mm and applied to the inner plies of the carbon fibre stack before curing. The mesh 
wires are allowed to extrude from the carbon fibre as flying leads from which simple test 
equipment can be attached such as a multimeter. Currently, the mesh is created from a single 
piece of wire which gives two open-ended flying leads, this offers the most simple and rapid 
technique to embed the mesh for research purposes. The mesh, however, is not limited to 
this single wire as it is possible to use multiple wires with the advantage of a means of sim-
ple damage location, however, this introduces greater complexity and additional electronic 
hardware to monitor the system, it is still an uncomplicated method. Arguably the require-
ment for multiple wire systems are not essential for simple carbon fibre constructs neverthe-
less it does give a factor of flexibility should the design constraints demand more precise 
failure detection which requires location data.

Details of the different applications in simple and complex structures will be explained later. 
However, in order to explain the mesh structure in detail, in this section, the quadcopter 
application within the aeronautical sector (see Table 1) is considered.

The mesh structure can be more easily understood with reference to the quadcopter CAD 
diagram (see, Figure 4, right image). In this case, the quadcopter frame is constructed of glass 
reinforced epoxy laminate (FR4) more commonly used in printed circuit board (PCB) manu-
facturing. It is a composite material comprised of a flame resistant [17, 18] woven fibreglass 
cloth and an epoxy resin binder. It can be seen that the front half of the quadcopter frame 
(upper area) has no failure detection system incorporated, whereas the rear half (lower area) 
has the basic level of failure detection integrated onto the FR4 board (see Figure 4). This 
simply includes a single track of copper at 1 oz. which equates to an approximate thickness 
of 0.089 mm. At the rear (centre lower area) of the frame are two pads in which suitable elec-
tronics can be connected in order to monitor that the wire mesh has not gone open circuit as a 
result of physical damage such as a fracture, for example. This monitoring signal can be fed to 
the flight controller and transmitted to the user via flight telemetry data. It is almost effortless 
to separate the wiring for each arm if damage location is to be realised, giving an adequate 
enhancement if the user requires data as to know which quadcopter arm has sustained physi-
cal damaged. The diagram shows the failure detection method as a red line (copper PCB 
trace), this has been applied to the upper layer of the PCB to allow for a visual demonstration 

Catagory Example 1 Example 2 Example 3 Example 4

Aeronautical Aircraft Aerospace Unmanned ariel vehicles Drone taxi

Land Formula 1 Cars Bikes Composite wheels

Nautical Submersibles Hulls Yacht masts Booms

Leisure Bicycles Golf clubs Windsurf masts Rackets

Business Security Dispatch Wind turbine blades Architecture

Military Combat vehicles Armoured vehicles Essential electronics Fighter jets

Table 1. Application list examples.
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of the system, however, it is possible to incorporate this to the inner layers or bottom of the 
board as desired by the designer. It is easy to realise the simplicity and the benefits of this 
approach especially when compared to the available quadcopter frames currently on the mar-
ket as shown in Figure 4 (left image). Here the veined arms reduce weight but shows obvious 
risks of catastrophic failure should a single element be damaged and go undetected.

PCBs are readily available in various thicknesses, multiple materials and layer makeup’s offer-
ing an applicable solution for a variety of applications. Increased thickness of the FR4 board 
improves rigidity whilst a lower thickness improves flexibility allowing for lower FR4 thick-
nesses of 0.4 mm to be curved around existing structures such as carbon fibre. It should be 
noted that appropriate adhesion be applied spanning the entire FR4 board as poor contact can 
allow fractures in the hosts structural material not to propagate to the FR4 failure detection 
board. Additional precautions should be noted as the addition of two different composites 
simply stuck together brings potential problems due to differing mechanical properties inher-
ent with the constituent composites. As an example, the Young’s modulus of standard carbon 
fibre is 70 GPa where FR4 is 24 GPa, similarly thermal expansion coefficient variance would 
be of concern at temperature ranges if the individual composites were not suitably decoupled. 
It may be considered suitable in certain situations and this is left to the engineer to utilise 
appropriate combinations of composites for the environment and that of the host structure.

In the second instance, the wire mesh can be added as an aftermarket product to existing 
carbon fibre structures or even non-conductive structures such as fibre glass. This would typi-
cally be applied as a single unit, fixing a mesh as a single wire to structures can be labour 
intensive and cumbersome. It is, therefore, more appropriate to have the mesh incorporated 
on an adhesive sticker and applied by normal manufacturing routes.

The benefit of the mesh structure is that the detection electronic hardware is extremely simple, 
requires very low real estate of the host structure and its operational power consumption is 
almost negligible, lending itself perfectly to long-lasting portable applications. Further, more 
such a system can be powered by energy harvesting methods such as vibrations, solar, wind 
and the like, this will obviously incur additional constraints in terms of size and cost of the 
overall damage detection product. The detection principle is a simple case of measuring cur-
rent flow through the conductive copper mesh, when damage occurs as a result of a crack or 
over flex in the structure then the conductive wire is severed ceasing current flow, allowing 

Figure 4. Traditional drone frame (left), enhanced NDT CAD frame (right).
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board. Additional precautions should be noted as the addition of two different composites 
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carbon fibre structures or even non-conductive structures such as fibre glass. This would typi-
cally be applied as a single unit, fixing a mesh as a single wire to structures can be labour 
intensive and cumbersome. It is, therefore, more appropriate to have the mesh incorporated 
on an adhesive sticker and applied by normal manufacturing routes.

The benefit of the mesh structure is that the detection electronic hardware is extremely simple, 
requires very low real estate of the host structure and its operational power consumption is 
almost negligible, lending itself perfectly to long-lasting portable applications. Further, more 
such a system can be powered by energy harvesting methods such as vibrations, solar, wind 
and the like, this will obviously incur additional constraints in terms of size and cost of the 
overall damage detection product. The detection principle is a simple case of measuring cur-
rent flow through the conductive copper mesh, when damage occurs as a result of a crack or 
over flex in the structure then the conductive wire is severed ceasing current flow, allowing 
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the user to be alerted to the fault. Such a simple solution has its draw backs and this is the 
location accuracy to the damaged area. In preliminary lab tests on wire mesh test specimens 
only ~50% of flexural test fractures were detected before a catastrophic failure event. Analysis 
shows that the reason for this was down to one of two reasons; either the mesh wire was not 
present in the fracture line or that the fracture width was not great enough to be detected. The 
image (see Figure 5) is taken at ×200 magnification of a mesh structure specimen:

Observations show that the 0.22 mm enamelled copper wire has stretched with the fracture 
during flexural testing, ideally, this would have sheared and broke at the same rate as the car-
bon fibre. To improve the system, it is suggested that the detection material to have a similar 
Young’s modulus to that of the material under test and that a suitable pitch be used for the 
mesh to be fitting to that of the application. However, this method has proved an extremely 
low cost and portable method for additional safety where there was none. The application 
has been used in low cost multirotor (quadcopter) frames in particular the motor arms where 
damage could be incurred from in-flight collisions such as trees, buildings and the like. This 
gives an entry level of security against further damage should such a collision occur and the 
operator continue to fly the multirotor, as without being immediately able to inspect for dam-
age such damage is unknown.

2.3. Wafer structure

The sheet structure method utilises an insulating material as alternating ply layers with the 
carbon fibre plies to make the stack. In this concept specimen absorbent glass mat (AGM) is 
implemented which originates in lead acid batteries [19]. The AGM is reduced in thickness 
to a depth of approximately 1 mm and is sandwiched between the pre preg carbon fibre 
sheets. For example, the ply make up would consist of a first ply being carbon fibre, the 
second ply AGM, the third ply carbon fibre, and so forth until the desired layer make up is 
achieved. The theoretical objective behind this makeup is to monitor electrical conductivity 
between the now mostly electrically isolated plies of alternating carbon fibre, such as layer 
one and three, to continue the example mentioned above. When the alternating ply stack of 
carbon fibre and fibre glass is damaged the strands break and combine into a fibrous blend 

Figure 5. Tapering of conductive mesh (up to ×200 magnification).
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causing measureable electrical conductivity between the pre damaged isolated plies, there-
fore can be measured with simple portable electronic equipment. In practice the layers are 
not 100% isolated and the AGM caused the structure to fail more rapidly during flexural 
testing. It is predicted that longer glass fibres be used as the insulating material to provide 
increased structural integrity, or an alternative insulating material be used such as Kevlar, 
consideration should be given to Kevlar as it is absorbent to water. Caution should be taken 
as to the expansion properties of each constituent material and suitable proof of concept 
works is required to ensure the hybrid composite performs as desired. It is fair to assume 
that this approach would be a trade off or compromise to a pure carbon fibre composite. 
However at this time full laboratory testing has not been completed and the full benefits or 
disbenefits of such an approach is unproven, it is possible that other mixtures of plies can 
offer significant advantages over that of carbon fibre alone for certain applications such as 
fire retardant improvements.

3. Experimental study

Current research takes onboard a known technique that has been practiced for many years, pos-
sibly the earliest is the X-ray computed tomography, well known as the CT or CAT scan [20]. 
Similarly, a geophysical monitoring method known as electrical resistivity imaging or ERI typi-
cally uses four equidistant electrodes such as metal probes that are staked into the ground. Two 
of the four probes are used to induce a low frequency or direct current into the earth and the 
remaining two probes are voltage or potential probes which measure the resultant voltage poten-
tial. The voltage is simply converted into a resistance value that represents an average resistance 
between the probes, this method is often found in archaeology [21].

Another approach that is widely researched and utilised in the medical field is known 
as electrical impedance tomography (EIT) [22–23], surface electrodes usually physically 
organised in a ring layout are in direct contact with the skin, generally with electrocardio-
gram (ECG) electrodes and gel to improve conductivity. This is then positioned, for exam-
ple, around the chest or leg and a small current is passed through the ECG probes whilst 
the passive ECG probes measure resistance and reactance, similar to other tomography 
techniques. The resultant post-processed image represents the phase shift in the measured 
signal depending on the technique used. The probe count is typically higher in comparison 
to other fields such as geological tomography to provide an increase in resolution of the 
image, 16 electrodes and higher is not uncommon. When a measurement has been taken 
electrodes are rotated until the full electrode array has been sampled, the resulting data is 
processed and the cycle begins again.

There are many types of electrical tomography but all are based on the same principle. The 
intention of which is to construct an image from a physical object of its observed measure-
ments. As such this is an inverse problem and is one of the most important and well-studied 
mathematics problems in science and mathematics today [24]. The direct problem is relatively 
undemanding, the inverse one is particularly difficult.
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shows that the reason for this was down to one of two reasons; either the mesh wire was not 
present in the fracture line or that the fracture width was not great enough to be detected. The 
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bon fibre. To improve the system, it is suggested that the detection material to have a similar 
Young’s modulus to that of the material under test and that a suitable pitch be used for the 
mesh to be fitting to that of the application. However, this method has proved an extremely 
low cost and portable method for additional safety where there was none. The application 
has been used in low cost multirotor (quadcopter) frames in particular the motor arms where 
damage could be incurred from in-flight collisions such as trees, buildings and the like. This 
gives an entry level of security against further damage should such a collision occur and the 
operator continue to fly the multirotor, as without being immediately able to inspect for dam-
age such damage is unknown.
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carbon fibre plies to make the stack. In this concept specimen absorbent glass mat (AGM) is 
implemented which originates in lead acid batteries [19]. The AGM is reduced in thickness 
to a depth of approximately 1 mm and is sandwiched between the pre preg carbon fibre 
sheets. For example, the ply make up would consist of a first ply being carbon fibre, the 
second ply AGM, the third ply carbon fibre, and so forth until the desired layer make up is 
achieved. The theoretical objective behind this makeup is to monitor electrical conductivity 
between the now mostly electrically isolated plies of alternating carbon fibre, such as layer 
one and three, to continue the example mentioned above. When the alternating ply stack of 
carbon fibre and fibre glass is damaged the strands break and combine into a fibrous blend 

Figure 5. Tapering of conductive mesh (up to ×200 magnification).
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causing measureable electrical conductivity between the pre damaged isolated plies, there-
fore can be measured with simple portable electronic equipment. In practice the layers are 
not 100% isolated and the AGM caused the structure to fail more rapidly during flexural 
testing. It is predicted that longer glass fibres be used as the insulating material to provide 
increased structural integrity, or an alternative insulating material be used such as Kevlar, 
consideration should be given to Kevlar as it is absorbent to water. Caution should be taken 
as to the expansion properties of each constituent material and suitable proof of concept 
works is required to ensure the hybrid composite performs as desired. It is fair to assume 
that this approach would be a trade off or compromise to a pure carbon fibre composite. 
However at this time full laboratory testing has not been completed and the full benefits or 
disbenefits of such an approach is unproven, it is possible that other mixtures of plies can 
offer significant advantages over that of carbon fibre alone for certain applications such as 
fire retardant improvements.
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sibly the earliest is the X-ray computed tomography, well known as the CT or CAT scan [20]. 
Similarly, a geophysical monitoring method known as electrical resistivity imaging or ERI typi-
cally uses four equidistant electrodes such as metal probes that are staked into the ground. Two 
of the four probes are used to induce a low frequency or direct current into the earth and the 
remaining two probes are voltage or potential probes which measure the resultant voltage poten-
tial. The voltage is simply converted into a resistance value that represents an average resistance 
between the probes, this method is often found in archaeology [21].
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the passive ECG probes measure resistance and reactance, similar to other tomography 
techniques. The resultant post-processed image represents the phase shift in the measured 
signal depending on the technique used. The probe count is typically higher in comparison 
to other fields such as geological tomography to provide an increase in resolution of the 
image, 16 electrodes and higher is not uncommon. When a measurement has been taken 
electrodes are rotated until the full electrode array has been sampled, the resulting data is 
processed and the cycle begins again.

There are many types of electrical tomography but all are based on the same principle. The 
intention of which is to construct an image from a physical object of its observed measure-
ments. As such this is an inverse problem and is one of the most important and well-studied 
mathematics problems in science and mathematics today [24]. The direct problem is relatively 
undemanding, the inverse one is particularly difficult.
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Any solution to an inverse problem requires an element of estimation to fill in data that is not 
available and as such any solution cannot be void of resolution error or may be low of resolu-
tion. However, such techniques do provide suitable representations of the object in question 
and is a technological step forward.

With reference to Figure 6, the left most image labelled ‘carbon fibre’ shows the physical test 
setup of the embedded probes (electrodes) and the highlighted damaged area shown within 
red circle, where as the right image ‘EIT image’ shows a typical result from post-processing. 
It may be difficult to see damage to the physical carbon fibre structure visually due to the sur-
face ply remaining intact; the EIT technique can also provide useful insight to the structural 
health of the composite.

Although the technique provides a solution for carbon fibre, various problems need to be 
addressed in order to deliver a suitable end product for mobile live applications. Consequently, 
fast processing of data is required with little computational overhead whilst maintaining suit-
able resolution for adequate damage detection. In addition omissions need to be made for any 
flex in the structure as this varies the structures electrical resistivity and can be mistakenly 
characterised as damage if the implemented algorithms are not accurate. Further exacerbat-
ing the situation, environmental conditions play a large role, temperature changes are picked 
up by the same technique used to detect damage due to the temperature coefficient of the 
composite material. The resultant solution to the problem of creating a portable live damage 
detection system must address each mentioned issue successfully if such an inverse problem 
is to be of practical use.

However, techniques such as tomography is widely in use today within various scientific 
fields and do offer a solution to where there was none. The additional problems mentioned 
such as resistance changes due to flex and the environment such as rain and sunlight caus-
ing localised temperature changes can be addressed with hardware or software implemen-
tations. At its fundamental level these challenges ultimately reduce the sensitivity of the 
tomography technique in composites and its effectiveness of detecting structural health con-
ditions. As such, future research is required and ultimately real world testing of hardware 
and software algorithms to determine if this method is adequate across all applications.

Figure 6. Test specimen & electrodes (left), expected EIT image (right).
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4. Applications

There are many applications in which the suggested damage detection methods mentioned 
can be utilised in which no prior solution has been achieved other than offline methods, such 
offline methods require the structure in question be taken to a test laboratory for a skilled 
professional to access. Although the suggested methods are still progressing through the 
research phase and have yet to be formalised, such as production methods and materials 
for the mesh method, wafer method and the experimental method based on tomography 
technique, Table 1 shows a list of potential applications for the concept techniques described.

The potential applications for online damage detection are arguably limitless and the table 
demonstrates the range of applications to illustrate this. The proposed concept methods 
include both forward and inverse problems of the mesh and tomography techniques, respec-
tively. This allows a suitable system to be used depending on the requirements. Some of the 
less obvious applications mentioned that have not been covered already are discussed for 
clarification and completeness.

For the application of military damage detection, is it not uncommon for vehicles and associ-
ated parts to come under gun fire or explosive blasts, it is difficult if not impossible to assess 
the damage from within the relative safety of the vehicle. Although the vehicles are generally 
not constructed of carbon fibre but of metals or composites such as steel and ceramic it is 
possible to address the issue with the mesh technique. Thin sheets of mesh can be attached 
in suitable key locations behind the armour plating for detection of a breach in the vehicles 
structure. This would be of particular importance if essential drive train components or tacti-
cal equipment were present at this location. To enhance the detection further printed circuit 
boards can have an additional layer within the FR4 substrate or as an addition to the top or 
bottom layers that can act as the mesh damage detection, similar to the quadcopter CAD dia-
gram (see Figure 4). This can give essential feedback to the vehicle users should an electronic 
system fail due to projectile damage from such gunfire or explosive devices.

5. Discussion and concluding remarks

In this chapter, a brief overview of carbon fibre has been given along with its common defects and 
the conventional non-destructive testing techniques. This basic ground work establishes the direc-
tion of current research and why the concept methods were chosen. This progresses to a simple 
overview of the design innovation approach and initial testing stages and comparison methods 
involving control specimens. A table of its intended applications are given to give an appreciation 
of the flexibility of the proposed end products that can be developed as a direct research outputs. 
To date there are no suitable live detection techniques available that can provide a portable solu-
tion for low cost consumer products or high end equipment in an easy to install manner.

The design innovation and research approach taken in this study has allowed for the poten-
tial development of flexible methodologies and products. The methodology as demonstrated 
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in the mesh technique on the quadcopter may be taken immediately into existing designs 
such as PCBs for physical damage detection at a cost of adding an existing layer to the design, 
alternatively this can be routed into the existing layer should it be suitable. An advanced 
understanding of PCB design may be desirable as the effects of broken ground planes and 
radio frequency wave interference could result if the mesh technique is not correctly imple-
mented. Any one skilled in the art can adopt such a methodology without adverse effects 
to the original design. This most basic level of damage detection is extremely low cost and 
simple to implement, the simplicity allows for a robust detection system that requires no 
processing power and is considered mechanical in its design. There are various ways in 
which this method can be practiced and the only limitation is that of the designer. Research 
is still continuing in this area to expand upon the range of applications, its successfulness in 
detecting damage and the operating margin at which the damage is detected.

Increasing in technological difficulty is the wafer technique which relies upon alternating 
conductive and insulating plies. This is another mechanical method and is a forward prob-
lem like the mesh concept, therefore offering a simplistic solution and inherent robustness 
within the design. Although the works are in its early stages it can be appreciated that only 
certain materials may be of interest for this to be successful. For example, it is necessary for a 
conductive ply material and non-conductive ply material to make up the stack, at minimal a 
three ply stack would be necessary. Unlike conventional composites where there is typically 
only one reinforcement material there would now be two but the matrix in current research 
motioned in the text has been kept at one and is a polymer resin. It is worth mentioning that 
this is not considered a hybrid material as these are composites commonly using one organic 
and one inorganic compound at the nanometre or molecular level. However, this does bring 
an alternative possibility and research route for hybrid material design specifically targeted 
for damage detection. The undersized research effort concentrated on this technique has 
been investigated on traditional carbon fibre and an experimental material of AGM. As pre-
viously mentioned in the chapter, the relatively short fibres of the AGM had such a negative 
effect on the strength of the structure that no further tests were carried out. Research efforts 
will continue in this area on traditional fibre glass sheets as used in composites to increase 
structural integrity. It can be appreciated that this will not be as strong if only carbon fibre 
was used as a single material but this would be a known sacrifice for the damage detection 
system should it prove adequate.

Finally, the experimental technique involves the tomography approach, although this tech-
nique is approached by many in the research community there is yet to be of any com-
mercial products available that exploits its use in commercial composite structures. This 
approach is considered advanced due to the inverse problem and potentially difficult to 
implement in practical applications. In lab tests in a controlled environment, it is relatively 
simple to implement and offers suitable detection of damage, bench tests were conducted 
on physically small specimens with advanced equipment. The damage detection values are 
of such sensitive levels that it may be difficult to engineer the electronic circuitry required 
for portable applications requiring low power consumption with today’s technology. 
Under the bench test conditions heat changes to the composite due to manual handling 
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were detected as damage, this was also true of temperature changes from air conditioning 
units being switched on or off. The effectiveness of this method can never be absolute due 
to the inverse problem and this is exacerbated by the need to mask temperature drift and 
sudden changes of the composite. The actual value of this technique as such will not be 
realised until fully inspected.

Collectively a broad spectrum of novel techniques and methods have been conceptualised 
within the three categories mentioned in this chapter with a comprehensively range of techni-
cal difficulty. Continued research is required to prove the effectiveness in practical applica-
tions and can only be realised with future efforts. The ultimate goal of which is to develop a 
new range of products and methods that can give early warning and/or locations of physi-
cally damaged structures or components that comprise of systems that would cause further 
injury or critical failure if left undetected in use.
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Abstract

The fracture variation of liquid-phase-pulse-impact diffusion welding (LPPIDW) welded
joints of aluminum matrix composites (ACMs: SiCp/A356, SiCp/6061Al, and Al2O3p/
6061Al) was investigated. Results show that under the effect of pulse-impact (i) initial
pernicious contact state of reinforcement particles changes from reinforcement (SiC,
Al2O3)/reinforcement (SiC, Al2O3) to reinforcement (SiC, Al2O3)/matrix/reinforcement
(SiC, Al2O3) and (ii) the fracture of welded joints with optimal processing parameters is
the dimple fracture. Meanwhile, scanning electron microscope (SEM) of the fracture sur-
face shows some reinforcement particles (SiC, Al2O3) in the dimples. Moreover, the slight
reaction occurs at the interfaces of SiCp/6061Al, which is propitious to improve the
property of welded joints because of the release of internal stress caused by the hetero-
matches between the reinforcements and matrix. Consequently, aluminum matrix com-
posites (SiCp/A356, SiCp/6061Al, and Al2O3p/6061Al) were welded successfully.

Keywords: aluminum matrix composite, fracture, fractography, particle reinforcement,
pulse-impact, diffusion welding

1. Introduction

Aluminum matrix composites (AMCs) have a wide application in the fields of aerospace,
automobile, structural components, heat-resistant-wearable parts in engines, and so on due to
their high specific strength, rigidity, wear resistance, corrosion, and good dimensional stability
[1–5]. The reinforcements in AMCs may be either in the form of particulates or as short fibers,
whiskers, etc. [5, 6]. These discontinuous natures create several problems to their joining
techniques for acquiring their high strength and good quality welded joints.
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The high specific strength, good wearability, and corrosion resistance of aluminum matrix
composites (AMCs) attract substantial industrial applications. Typically, AMCs are currently
used widely in automobile and aerospace industries, structural components, heat-resistant-
wearable parts in engines, etc. [7–10]. The particles of reinforcement elements in AMCs may be
either in the form of particulates or as short fibers, whiskers, and so forth [10, 11]. These
discontinuous natures create several problems to their joining techniques for acquiring their
high strength and good quality welded joints. Typical quality problems of those welding
techniques currently available for joining AMCs [12–20] are as elaborated below.

(1) The distribution of particulate reinforcements in the weld.

As properties of welded joints are usually influenced directly by the distribution of particulate
reinforcements in the weld, their uniform distribution in the weld is likely to give tensile
strength higher than 70–80% of the parent AMCs. Conglomeration distribution or the absence
(viz., no reinforcement zone) of the particulate reinforcements in the weld generally degrades
markedly the joint properties and subsequently resulted in the failure of welding.

(2) The interface between the particulate reinforcements and aluminum matrix.

High welding temperature in the fusion welding methods (typically TIG, laser welding, elec-
tron beam, etc.) is likely to yield pernicious Al4C3 phase in the interface. Long welding time
(e.g., several days in certain occasions) in the solid-state welding methods (such as diffusion
welding) normally leads to (i) low efficiency and (ii) formation of harmful and brittle interme-
tallic compounds in the interface.

To alleviate these problems incurred by the available welding processes for welding AMCs,
a liquid-phase-pulse-impact diffusion welding (LPPIDW) technique has been developed
[21–23]. This work aims at providing some specific studies that influence the pulse-impact
on the fractography variation of welded joints. Analysis by means of scanning electron
microscope (SEM), transmission electron microscope (TEM), and X-ray diffraction (XRD)
allows the micro-viewpoint of the effect of pulse-impact on LPPIDW to be explored in more
detail. Also, temperature distribution in heated sample also calculates.

2. Experimental material and procedure

2.1. Material

Stir-cast SiCp/A356, P/M SiCp/6061Al, and Al2O3p/6061Al aluminum matrix composite,
reinforced with 20%, 15% volume fraction SiC, Al2O3 particulate of 12 μm, 5 μm mean size,
were illustrated in Figure 1.

2.2. Experimental procedure

The quench-hardened layer and oxides induced by wire-cut process, on the surfaces of
aluminum matrix composite specimens, were removed by polishing with 400 # grinding
paper carefully. The polished specimens were then properly cleaned by acetone and pure
ethyl alcohol so as to remove any contaminants off its surfaces. A DSI Gleeble®-1500D
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Figure 1. Microstructure of aluminum matrix composites.
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thermal/mechanical simulator with a 4� 10�1 Pa vacuum chamber was subsequently used to
perform the welding.

The microstructures and the interface between the reinforcement particle and the matrix of the
welded joints were analyzed by SEM, TEM, and XRD.

2.3. Operation of LPPIDW

Figure 2 shows a typical temperature and welding time cycle of a LPPIDW. It basically
involves with (i) an initially rapid increase of weld specimens, within a time of ta, to an optimal
temperature Ta at which heat was preserved constantly at Ta for a period of (tb-ta); (ii) at time tc,
a quick application of pulse-impact to compress the welding specimens to accomplish an
anticipated deformation δwithin 10�4–10�2 s, whilst the heat preservation was still maintained
at the operational temperature Ta; and (iii) a period of natural cooling to room temperature
after time tb.

3. Results and discussion

3.1. Temperature distribution calculation in heated sample

The schematic diagram of temperature distribution in heated sample is shown in Figure 3,
where L is the length of sample between two holders.

T0 is the initial temperature. When the sample is heated, the heat transfer at the distance of x
in Δt is

Q ¼ �αA
∂T
∂x

Δt (1)

where α is the coefficient of conduction and A is the cross-sectional area.

Figure 2. Schematic diagram of liquid-phase-pulse-impact diffusion welding.
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At the same time, the heat transfer at the distance of (x + Δx) is

Qþ ΔQ ¼ �αA
∂T
∂x

þ ∂
∂x

∂T
∂x

� �
Δx

� �
Δt (2)

Supposedly, the heat input into the sample is W per volume unit, and the loss due to irradia-
tion and convection is neglected.

Therefore, the energy obtained in per length at Δx is

ΔQþWAΔxΔt ¼ αA
∂2T
∂x2

ΔxΔt (3)

Consequently, the rate of temperature variation is

∂T
∂x

¼ 1
ρc

W þ α
∂2T
∂x2

� �
(4)

where ρ is the density of sample and c is the specific heat capacity.

When the processing is stable, ∂T∂x ¼ 0, then

W ¼ �α
∂2T
∂x2

(5)

After integration,

∂T
∂x

¼ �W
α
xþ b (6)

When x ¼ 1
2 L,

∂T
∂x ¼ 0, it obtains

b ¼ WL
2α

(7)

Integratedly, then

Figure 3. Schematic diagram of temperature distribution in heated sample.
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T ¼ �W
2α

x2 þWL
2α

xþ b0 (8)

At x = 0 and T =T0, so b
0
=T0; therefore,

T ¼ �W
2α

x2 þWL
2α

xþ T0 (9)

or

T � T0 ¼ W
2α

L� xð Þx (10)

At x ¼ 1
2 L and T =Tmax, so

Tmax � T0 ¼ WL2

8α
(11)

Assumption: T =Tmax�ΔT, then

Tmax � ΔT � T0 ¼ 4
Tmax � T0ð Þ

L2
L� xð Þx (12)

Therefore,

x ¼ L
2

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔT
Tmax � T0

s" #
(13)

As a result, the length between Tmax and Tmax�ΔT is

Δx ¼ L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔT

Tmax � T0

s
(14)

According to Eq. (14), it reveals that with the increment of temperature difference, the area
between the solid phase and liquid phase increases simultaneously. However, if the tempera-
ture is too high, it will make the welding failure because the area between the solid phase and
liquid phase enlarges. As a result, when the samples are impacted, the relative sliding of
samples occur [21–23]. Meanwhile, the grain size and microstructure of AMCs will be too
larger and coarser to decrease the property of the welded joints.

Furthermore, considering the practical situations during the welding process, the resistance
between the two welded pieces due to the heterogeneous materials at the welding area is
definitely higher than that of the calculation on the basis of the theory. Consequently, Eq. (14)
will be

Δx ¼ ηL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔT

Tmax � T0

s
(15)

where η is the coefficient of the influence of hetero-resistance at the welding area.
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3.2. Microstructure of welded joint at various temperatures

The fractographs of SiCp/A356 are shown in Figure 4. It illustrates that when the welding
temperature is 563�C, the initial morphology of substrate is still obviously detected, and
some sporadic welded locations appear together with some rather densely scattering bare
reinforcement particles as shown in Figure 4a. With the welding temperature increasing to
565�C, more liquid phases form. Under the effect of pulse-impact, some wet locations in the

Figure 4. Fractographs of SiCp/A356 at various temperatures. (a) 563�C, (b) 565�C, (c) 570�C and (d) 575�C.
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joint excellently weld, and the condition of the aggregated solid reinforcement particles is
improved. However, the bare reinforcement particles still distribute on the fractographic
surface. It indicates that substrates do not weld ideally and it consequently results in a low-
strength joint (Figure 4b).

Figure 4c shows the fractograph of welded joint at 570
�
C. It illustrates that the fracture is

dimple fracture. Moreover, SEM image of the fracture surface shows some reinforcement
particles (SiC) in the dimple. In order to confirm the state of these reinforcement particles,
particles itself and matrix near to these particles were analyzed by energy-dispersive X-ray
analysis (EDX). The result is expressed in Figure 5. It indicates that reinforcement particles
(SiC) are wet by matrix alloy successfully suggesting that the reinforcement particles have
been perfectly wet and the composite structure of reinforcement/reinforcement has been
changed to the state of reinforcement/matrix /reinforcement.

As welding temperature increases to 575
�
C, it leads to more and more liquid-phase matrix

alloy distributed in the welded interface. Meanwhile, more liquid-phase matrix alloy reduces
the effect of impact on the interface of the welded joints; subsequently, the application of
transient pulse-impact causes the relative sliding of the weldpieces that jeopardizes ultimately
the formation of proper joint as shown in Figure 4d.

The relevant fractographies of SiCp/6061Al and Al2O3p/6061Al at various welding tempera-
tures are shown from Figures 6 to 7. It shows that the fracture surfaces under the effect of
pulse-impact are similar to that of SiCp/A356. The fractures are all dimple fractures with some
reinforcement particles (SiC, Al2O3) in the dimple.

SEM results of the fracture surface show that the reinforcement particles have been perfectly
wet and the composite structure of reinforcement/reinforcement has been changed to the state
of reinforcement/matrix /reinforcement. XRD pattern of the fracture surfaces (Figure 8) does
not show the existence of any harmful phase or brittle phase of Al4C3. This suggests the
effective interface transfers between reinforcement particles and matrix in the welded joint that
subsequently provides favorable welding strength [16–18].

3.3. Effect of pulse-impact on SiCp/6061Al LPPIDWon the interface reaction

During LPPIDW, SiCp/6061Al welding temperature is so high that the reaction between SiC
particles and aluminum matrix occurs as follows:

3SiC sð Þ þ 4Al lð Þ ! Al4C3 sð Þ þ 3Si sð Þ (16)

The relevant free energy [24] is

ΔG J �mol�1� � ¼ 113900� 12:06TlnTþ 8:92� 10�3T2 þ 7:53� 10�4T�1 þ 21:5T þ 3RTlnα Si½ �
(17)

where α[Si] Si is the activity in the liquid of aluminum.
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Figure 6. Fractographs of SiCp/6061Al at various temperatures. (a) 620�C, (b) 623�C and (c) 625�C.

Figure 5. Energy-dispersive X-ray analysis of the fracture surface of SiCp/A356.
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Figure 6. Fractographs of SiCp/6061Al at various temperatures. (a) 620�C, (b) 623�C and (c) 625�C.

Figure 5. Energy-dispersive X-ray analysis of the fracture surface of SiCp/A356.
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In the viewpoint of thermodynamics, ΔG > 0 during LPPIDW SiCp/6061Al. Therefore, the
reaction of Eq. (16) does not occur. However, in accordance with binary alloy-phase diagrams
of Al-Si as shown in Figure 9 [11], Si will dissolve in the aluminum matrix during the welding,
and the activity of Si in the liquid aluminum varies at various temperatures. The relationship
between free energy and welding temperature in the interface after considering Si dissolution
in the aluminum matrix is shown in Figure 10, which indicts that Eq. (16) will occur in the
welding.

It is well known that the interfaces between the reinforcement (particles) and matrix are
playing the extremely vital role in AMCs, especially in adjusting their matches. The
slight reaction at the interfaces is propitious to improve the property of welded joints
due to the release of internal stress, which is caused by the hetero-matches between the

Figure 7. Fractographs of Al2O3p/6061Al at various temperatures. (a) 641�C, (b) 644�C and (c) 647�C.
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reinforcements and matrix. The distribution of dislocations at the interface is shown in
Figure 11. It illustrates that the density of dislocations decreases remarkably, especially
compared with that of its nearing area, which elucidates that the effective reaction at the
interface occurs and releases the internal stress due to the hetero-matches between the
reinforcement/particle (SiC) and matrix. Consequently, the property of welded joints
improves compellingly and convincingly.

Figure 8. XRD pattern of the fracture surfaces. (a) SiCp/A356, (b) SiCp/6061Al and (c) Al2O3p/6061Al.
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Also, the results shown in Figure 6 of SiCp/6061Al are better than that of Al2O3p/6061Al shown
in Figure 7 just due to this interfacial reaction between the reinforcement and matrix, which
releases the thermal mismatch stress to an acceptable extent between the reinforcement and
matrix to allow load transfer from the matrix to reinforcement successfully. As a result, it has
advantageous effect of improving the strength of welded joints further [18].

Figure 9. Binary alloy phase diagrams of al-Si [25].

Figure 10. Relationship between free energy and welding temperature in the interface.

Failure Analysis and Prevention202

4. Conclusion

The fractography results of liquid-phase-pulse-impact diffusion welding of particle rein-
forcement aluminum matrix composites (SiCp/A356, SiCp/6061Al, and Al2O3p/6061Al)
show that:

(1) The area of the solid-phase and liquid-phase coexistence in the welding can be calculated

by Δx ¼ ηL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔT
Tmax�T0

q

(2) The fracture of welded joints with optimal processing parameters is the dimple fracture
with some reinforcement particles (SiC, Al2O3) in the dimples.

(3) Distinctly clear interface between reinforcement particle and matrix overcomes some diffu-
sion problems normally encountered in conventional diffusion welding and prevents the
formation of harmful microstructure or brittle phase in the welded joint.

(4) The slight reaction occurs at the interfaces of SiCp/6061Al, which is propitious to improve
the property of welded joints because of the release of internal stress caused by the hetero-
matches between the reinforcements and matrix.

Figure 11. Distribution of dislocations at the interface.
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