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Pipework plays many important roles in various engineering applications. 

In a real component, inherent damage snch as imperfections of materials 

and damage from the manufacturing process are not unusual. These small 

imperfections or damage can gTow and become cracks which lea.d to structure 

fa.ilure particularly when the structure is subjected to fatigue load. 

In Linear Elastic Fracture Mechanics (LEFl\I), the Stress Intensity Factor 

(SIF) is used to assess the damage severity of the crack-like flaws on a COIll

ponent which requires knowledge of the flaw slw.Jw, dimensions, component 

geometries as well as the stress states sUIToumling the cracks. It is clem aml

ing to calculate the SIF in real cOlllPonents as the crack often occurs in Cl 

complex stress field and the geometry of the cOlllponpnt is often complex. 

In this thesis, a technique that uses the non-adialmtic therllloelastic response 

from a standard Thermoelastic Stress Anal~'sis (TSA) system to evalnate the 

severity of the damage is proposed. The thcoret.icalllHsis ofthe !lew approach 

is described. A procedure for finite element simulation of TSA incorporating 

non-adiabatic behaviour is also developed to he llsed as a basis to understand 

the behaviour of the llOl1-acliabatic response aronncl the sub-surface damage. 

Both TSA and FEA are llsed to examined severity of the sub-surface flaws 

in details. It is foulld that a nlliquc relatioll betwccn the phase response 

from TSA and R. climensiolliess parameter (the ratio between the thermal 

diffusion length and the ligclllH'llt lE:'llgth) C8Il hp used to identify the level of 

the contribution that made to the snrfacc material which can then be related 

to the damage severit.~· in terms of snh-surfac:e stress. 

In this investigation, attention has becn paid to the analysis of damage 011 

the inner surface of a cylindrical sectioll \V hich can not be observed from the 

outside surface. This lllec\llS that the approach call be used to determine the 



damage severity of the internal damage of the pipevvork or pressure vessel 

components. 

As composite materials have been widely llsed in .1\Iarine applications re

cently, Glass Reinforced Plastic (GRP) pipe is employed in pipe network and 

tubular structure. However. information about strength behaviour and stress 

analysis in this pipe component is very rare particularly on tee-illtersection 

where the most complex stress occurs. A preliminary study of stress analysis 

of GRP and steel pipe structure is included in this thesis to demonstrate that 

TSA technique can also be used on large cylindrical structure component in 

both composite ane! metallic pipework structure. 
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Chapter 1 

Introduction 

Pipework is used extensively in the offshore and marine industries. The pipes are lllainly 

used in fluid transmission systems a" well as in tubular construction of load-bearing 

structures, such as the foundation of an offshor0 platform. The pipework is usually 

designed conservat.ively to sustain internal pressure load and uncxpectedly large deflcc

tions, as well as to prevent failure under severe loadiug conditions during sea service. 

However, fatigue failure can occur as a consequence of progressive damage from mat.erial 

imperfections and cracks under fiuctuating stresses. 

In most engineering strnctnr0S. cxi:-;ting flaws from th0 manufacturing process as well 

as material discontinuities are inevitable. It is well-known that these dcf0cts are a 

primary cause of failure of load-bearing structures. vVhen the st.ruct.ures or cOIllponellts 

are in service, they are generally subjected to fatigue load llllder severe cOllditiollS. 

If the small defects anel/ or material imperfections happen to exist in the rl'gions of 

high stress concentrations, these sitnations will CClnse the propagation of cracks ami 

lead t.o unexpected structural failure. C(Jllseqnently, prediction of dalllage levels ill 

those components is a vital elelllent of stmctural assessmellt for safe clesigll aml tilllely 

rnaintenallce. 

To assess the integrity of a structure in service. takillg full-field rneasurenJ(:~Ilts that 

relate to the stress distribution in a cOlllponellt is an attractive propositioll. The full

field titres::; analysis can be u::;ccl to locate' the peak stress or high stress gradient regions of 

the component under service loads. It is critical to identify these locations bec<1nse these 

are regions where cracks usually initiate awl propagate. COllsequently, they hecome the 

potential failure locations in the' stl'llcturC'. Fnll-field stress analysis can he achieved nsing 

various experimental techniques. Thermoelastic Stress Analysis (TSA) [1] allows reliable 

and rapid assessment of full-field stresses ill a structure uneler dynamic loadillg. TSA 

is essellt.ially an optical tCclllliqllc that allows collectioll of high resolutiOiI stress related 

data from practically allY stmcture, even those with complex geometries. lVloclern TSA 

systellls use a focal plane array In (illfra-red) detector ill cOlljullction with high speecl 
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digital signal processing that enable collection of data ill virtually real time. TSA is 

based on the measurement of the small temperature change in a material or component 

caused by the thermoelastic effect in a linear elastic solid. The technique has been 

successfully used in a broad range of ellgineering applications such as in Tmdear power 

plant components [2], automotive indu::;tries [3], and marine indu::;tries [4]. as well as in 

aviation industries [5]. In fracture mechanics, TSA has b(,pn proved to be an efI'('ctive 

technique to determine Stress Intensity Factors (SIF::;) from crack tip ::;tres::; fields [6]. A 

review of the relevant literature associated with TSA stndies of structures is given in 

Chapter 2. 

A::; the need for energy conservation inspires the use of lightweight materials in pngl

neering structures, applications of composite materials in components used in offshore 

and marine applications is becoming popnlar. OJl(~ of the most sllccessful applicatioll::; 

is in the field of tubular construction <lnc! pipc\vork. This i::; hecan::;e the performance of 

the plastic pipes is superior to cOIlYelltiollal metallic pipes in many aspects, particnlarly 

regarding weight saving and corrosion resistance. There is a reluctance to use GRP 

pipes in some high integrity applications becam:ie not only are they costly to fabricate, 

but also their mechanical behaviour is not well doclllnented when compared to that of 

conventional metallic pipe::;. Therefore, a stncly of composit.e pipe performances is vital 

to est.ablish reliable design data or a desigll proccclme USillg t.his material. Litt.le research 

work has been dedicated to the behaviour of pipe-intersectiolls which are ne('essar~' ill 

all pipework applications. For practical nses of Gnp intersection::;. a general reCOlll

mcmiation from international standnrds snch as BS 7139 (Code for practice for ciesign 

aIld construction of glass- reinforced plastics (G RP) pi ping syst.ems for indi vid nal plants 

or sites) is that the strength of the joint shall be equal or snperior in strength to the 

pipework. However, a simple theory for predicting the stress c1istrilmtiOlI 011 the com

posit.e tee-section is not available. COIl::;cqucntly, considerable eft'ort in devising a testing 

procedure that produces reliable pxperimenta.l stress v(llues is necessary. Application of 

conventional strain gauge technique::; would he laborions and illPrefore a full-field optical 

tec:lmique is more attractive for this applicatiOlI. To demollst.rat.e that TSA can be nsed 

for stress analysis on large c~'liIldrical strnctmc sHeh as pipework and to show that TSA 

is an efFective full-field technique for stress analysis in both metal ami composite pilws. 

Chapter 3 of t.his thesis examines the application of TSA OIl GRP pipes. 

The objective of this research is to explore and develop an approach so that TSA can 

be used as a tool to determine t.he extent of an intel'llal snrfacc flaw. Therefore. in this 

the::;is, a new approach for sub-surface dallmge analysis using TSA is devised. The TSA 

equipment is used to obtain the thermoelastic re::;ponsp from a component containing 

internal damage. The data is collected from the llllclarrmged surface anel then evalnated 

to obtain the extent. of intemal dal\lage. The approach exploit.s nOll-adiabatic conditions 

caused by the large stress graclient denJoped ill the neighbo1lrhood of the illtemal dam

age. This non-acliabat.ic condition results in llCJIllillcarity in thermoelastic response and 
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a time-lag between the applied stress change and resultant temperature change. Since 

the TSA data contains both the amplitude of the temperature change and the phase of 

thermal response in relation to the applied stresses, the effect of non-adiabatic behav

iour can be evaluated over a range of load frequencies and related to the damage ext.ent 

enabling a new approach for damage detection and evaluation. The theoretical hasis of 

the new approach is that of classical thermoelasticity incorporating a generalised heat 

conduction equation. Therefore. the thermoelastic response under both adiabatic and 

non-adiabatic conditions can be described. A preliminary feasibility study is presellt.ed 

in Chapter 4 that shows the non-adiabatic respOllse can be related to damage severity. 

The approach is devised for a stallclard IR system designed for TSA in which the IR 

signal, S is described as a linear relationship with the magnitude of the sum of the 

principal stresses, 6 (Ull + (}22 + (};l:l) [7]: 

(1.1 ) 

where A is a calibration factor. It. can he seen that the relationship does not contain 

any useful information about non-aclia1mtic behaviour becallse the system is designed to 

measure only the adiabatic temperatllre c:hallge. To make use of the new approach. the 

relationship has to be described by time dependent parameters, therefore, the phase re

lation can be identified. The underlying theory is presented in Chapter 5. l\Ioreover, the 

TSA system must be able to supply both the signal respOllse and the phase relatiollship 

hetween the thermoelastic response alld t.he excitatioll stress. Modern TSA systems can 

sllpply this information Rffectively as t.hey use advanced digital sigllal processing tech

lliques. To show how the IR signal can lw used for 1l00HIc1iabatic behaviour analysis. a 

derivation of a time depelldent signal out.put is giwll in Chapter 5. 

III order to study the effect of non-adiC1batic behavionr in a j'hermoelastic problclll, a 

mathematical lllodel of the physical situatioll lleeds to 1)(' establishecl so that the effect 

of illdividual parameters ill the governing equaticlll call 1)(' illvestigat.ed. The derivation 

of the mathematical moelel is also giWIl in Chapter 5. Sillce t.he exact solution for real 

geometries of damage is arbitrary anellllay he laboriolls to obt.ain. a 111llw'rical simulatioll 

t.echllique was chosen as the lllOSt efficient approach. A procedure for Finite Elelllent 

(FE) simulation of TSA illcorporating non-adiabatic behaviour usillg a cOlllmercial FE 

software package, ANSYS, has been developed and is presellteel in Cha.pter 6. The 

approach has been confirmed hy comparisons between the FE simulations and TSA 011 a 

range of case studies. Fir::;t, the approach was applied all a bar specimen containing all 

idealised darnage in the form of a through slot. This situatioll allows the simple damage 

geometry to he modelledllsing two dimensional (2-D) Clllalysis. Details are presenteel in 

Chapter 7. Second. a more realistic specimml of a Hat platc' with a series of semi-circular 

part-through slots has been test eel and compcU"('cl ,vith the Si1l11llatiolls (see Chapter 8). 

Finally. tests were carried ont on a prnssnrecl steel ("vlimler containing artificial part

through damage (see Chapter 9). The part- throngh damage ill a cylindrical section 
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is of most interest because this type of damage models that experienced in pipes and 

IS most frequently found [8, 9, 10] but cannot be detected visually from the outside 

surface. The work described in Chapter 8 and 9 demonstrates the potential of TSA for 

non-destructive assessment of sub-surface damage. 

In summary, the thesis combines new applications of TSA on damage and st.ress analysis 

in pipe structure. Both metallic and composite pipevvork were studied. In metals an 

evaluation of the non-adiabatic behm'iour from the therllloelastic response in the neigh

bOUl'hood of damage has been carried out and theory has been developed t.o describe 

this. A non-adiabatic response can also be derived from the other complex stress regions 

such as pipe connections or pipe intersections where the crack is often init.iated. How

ever, the same approach cannot. be used in composit.e pipe because of the low t.herlllal 

conduct.ivity of t.he materials. In addition. t.he potential failure site of composite pipe 

is at the joints [11]. Therefore an approach for stress factor evaluation at t.he joints is 

introduced as an alternative. 

There are 10 chapters in this thesis. Chapter 1 is an introduction which is dedicated to 

the background information for this research. Chapter 2 provides a review of previous 

work rdated to TSA applications. particularly in t.he fidd of fracture mechanics anel 

damage analysis to point out. the potential of llsing TSA for damage assessment. In 

Chapt.er 3, the application of TSA to large pipe sect.ions is introduced. TSA is lIsed 

t.o study the stress distribution intersections of varions component pipes wit.h diH'erent 

nozzle to running pipe ratio::; and delllonstrates the tecllllique is viable for large scale 

structure. The work in this chapter provides confirmation t hat it is worthwhile exercise 

to pursue TSA as a damage assessment technique for cylindrical st.rllctllres. In Chapter 4. 

the result.s of a preliminary feasibilit.y stlldy Oil damage assessment are present.ed. In 

Chapter 5, t.heoretical developrnent. of classical thermoelast.ic equations amI generalised 

heat conduction is described. This elllphasizes the llse of a new relationship in damage 

analysis. A descript.ion of the lllode of operation of a commercial infra-red SYStClll 

designed for TSA is also includee! ill this chapter. III Chapter 6. a nlllllerical sim1llaticlll 

of the non-adiabatic thermoelastic effect is clevdopeclllsing FE sinl1llation software. The 

simulation is validated b.\· comparisulls with res1llts frolll t.he published literatllre and 

with the TSA results. In Chapter 7, theI'llloelaCitic: work 1lIlder non-adiabatic conditions 

on a specimen with idealised damage (a hal' specimen with a central through crack) 

is presented. The results are compared with the numerical simulatioIl developed in 

Chapter 6 and a relationship that drfinrs the non-adiabatic tlwrmodastic respOIlCie is 

present.ed. 

In the real world, the damage is arhitrary iIl shape awl location: therefore a more real

istic damage type is studied in Chapter 8. in the form of part-through damage ill a flat 

aluminium plate. In Chapter 9, the approach is applied 011 the more complex geometry 

of a cylindrica1 section component, where a pipe sample containing damage on the inside 
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surface has been manufactured and tested. Chapter 10 provides an overarching discus

sion in the context of future development of the findings in this thesis. In Chapter 11, all 

overall summary of the achievements and conclusions of this research work is presented. 



Chapter 2 

Previous work and motivation for 

current studies 

2.1 Introduction 

It has been stated in the introduction chapter that the ultimate goal of the work in 

this thesis is to use TSA for damage and stress analysis 011 pipework. In pipe system 

cracks develop from sub-surface flaws. The standard equipment used for TSA is briefly 

described in Section 2.2. Then a brief summary of the c:lassical approach based all Linear 

Elastic Fracture Ivlec:hanics (LEFJ\I) for :mrface flaws is described ill Seetioll 2.3. How

ever. the main purpose of this chapter is to bring together informatioll frorn other TSA 

studies to identify the potential of miillg TSA as a damage aSSCSSlllCllt tool. Therefore, 

previous studies to allalyse crack tip stress fields are r(:~vi(-'wed and a detailed descripticlll 

of the related TSA work on this topic is givell in Sectioll 2.4. However. the existing 

approaches cannot be applied to the problem of a sllb-snrface Haw or defect. Therefore 

further development of the technique is required. n ccclltly, it has been reported that 

TSA can be used to reveal a hiddell crack [12]. llevertheless. the techllique was Ilot used 

to evaluate the severity. Im:iteacl. in this thesis, a !le,v approach is developed ill order 

that TSA can be used to assess the damage extent. The proposed approach is based 

on the use of TSA to evalllate llon-adiabatic behaviour from the thenlloelastic response 

which has been successful in an internal stress cvalllatioll. A smlllllary of TSA appli

cations on part-through crack problems as well as interllal stress evaluations is given 

in Section 2.5. Previous work related to the nOll-adiabatic thermoelastic response art' 

also reviewed in Sect.ion 2.6. As TSA is a hill-field and non-contacting approach. this 

make ill-service illspect.ion or taking measllrements 011 a cOlllplex struct.llre possible. A 

nUlllber of successful TSA applicatioIls 011 real structures is exemplifi(~d in Section 2.7. 

In order to demoIlstrate the applicatiOll of TSA to large stmetural pipework, particularly 

for marille applicatiolls, the application of TSA on cOlllPosite pipes is investigated in 
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this thesis (see Section 2.8 and 2.9). The application of TSA to composite materials 

is well-documented [13]. Several papers about TSA of composite material are available 

[14, 15, 16]. In general, most of the studies have focused on material characterisation 

and work on real components was limited to only ideal specimens. The applications of 

TSA to composite materials is discussed further in Section 2.10. 

2.2 DeltaTherm system 

In general, the mam cOlllpcment of a TSA systelll is t.he IR detector llsed to llleasure 

the thermal emission associated with tht, thermoelastic telllperature change. The llleans 

by which the thermal emission from the test specimen is converted to a voltage signal 

is described in detail in Chapter 5. For this sect.ion of work it is only necessary to 

understand how the voltage signal is processed into a digital image. Since t.he lllagnit.ude 

of the useful signal is very slllall. a special technique for noise reject.ion and correlation 

is used to process the electrical signal int.o : t.hermoelastic signal', S (see Equation 1.1). 

The first commercial TSA instrument was released the early 1980s and nallled SPATE 

(Stress Pattern Analysis by the measmemcnt of Therlllal Emissions) [1]. The syst.elll 

contains a single point Cadminlll l\Iercury Telluride (CMT) IR detector. The therlllal 

variation is measured and processed one point at a tillle. A full-field illlage is achieved 

by using scanning mirrors. The IR signal was correlated by an analogne lock-in signal 

processing system. The disacl vantage of the system is that. the data acquisitioll tillle 

is relativdy long. A single full-fidd stn~ss illlage could tHke 1-2 hOlll"s. In 1994, a 

lllodern TSA system was presellted by Strt'ss PhOtOllics and IlHmed as DdtaThcnll. 

The system uses an Indium Antimollide (InSh) Focal Plane Array (FPA) detector ami 

an advanced digital processillg tlllit. As (l rcslllt, the SystCUl reduces the operating t.illle 

for thermoelastic testing cOIlsiderably. The DdtaTherlll s)'stcm is the syst.em llst'd ill all 

of the work in this thesis1 and is therefore described in detail in this section. A diagram 

of DeltaTherm system is shown in Figure 2.1. 

III Figure 2.1, the IR detectur receives illj)llt from In radiatioll associated with telllper

ature variation caused by the thermoelastic effect on the specimen. The input data is 

thell passed into t.he signal processillg 1lllit t.o correlate with the referellce sigllal. As a 

result of the correlation In backgroullcl noise is eliminated and the thermoelastic data 

is obtained in terms of magnitude and phase. The refercnce signal call be obtained ei

ther directly from a strain gallgc attached to the specimcn or from a fUllctioll generat.or 

from the load cell of the servo-hydraulic tcsting lllachine. The resulting correlated data 

is passed through the personal COlllpllter to display as a colour contour stress map in 

virt.ually real time ready for post processing anel hather clllalysis. 

lIn Chapt.er 3 C111d4 DTlOOO (128 x 12K FPA dct(~ctor) was used. A higlwr resolution system, DT1400 
(256 x 25(i FPA detector). was availahle later and llsed in tl[(~ rest of the work ill this thesis. 
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FIGUR.E 2.1: A schemat ic diagram of the DeltaTherm system 

The DeltaThenn system uses a focal plane array detector to measure the temperature 

variation on the target surface. Each detector (pixel) measures t he IR radia t ion at a 

specific point on the surface and converts t.he photon striking the detector in to elec tri

cal signal proportional to the numb er of photons. All points in the visible frallle a re 

monitored by the array of sensors. The data is read out by row from the array of de

tectors into an analogue to digital converter. As the data is interrogated by row, there 

is a slightly different phase with respect to t. he loael/stress cycle. However, it has been 

reported that the correction can be maele at the output stage [17]. The sampled images 

are then transmitted to the signal processing unit to be processed before sendillg to 

display on the computer monitor. 

The DeltaTherm system processes the data using digita l a Fast Fourier Transform (FFT) 

analyser. It functions in a pract ically identical manner to the analogue type lock-in 

analyser used in SPATE aud determilles the magnitude and phase from the sal1lplecl 

signal. This is done by correla ting the sampled signal with the reference signal using 

the following function [17]: 

') N 

B s = j~ I: Y" sin t3(n ) (2 .1 ) 
n= l 

where B s is t he ampli tude of the signa l. Y" is the sampled signal, N is the number 

of samples, and sint3 (n) = ~~ en - ~) is a reference or weight function. The resulting 

processed signal is the signal that is in-phase with the reference signal and t.ermed the 

X-signal in the Delt aTherm software (see Figure 2.2 (a)) and denoted Sx in this thesis. 
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The process described by Equation 2.1 also removes any input caused by background ra

diation, i.e. the in-phase signal is derived using only the input at the reference frequency 

of the applied stress. 

The other output. obt.ained from the correlation is the signal which is correlated with 

all offset.-reference signal (shifted by 90 degrees from the reference signal). This out-of

phase data is known as the V-signal (see Figure 2.2 (b)) in the DeltaTherm software, 

denoted Sy in this t.hesis, and can be described as: 

? N 

Be = ~ L Y;1 cosi3(n) 
1/=1 

(2.2) 

The resulting absolute magnitude of t.he signal out.put is known as R-signal (see Fig

ure 2.2 (c)) in the DeltaTherm software and can be calculated from: 

(2.3) 

and the phase angle between the reference signal and the instantaneous temperature 

response is obtained from: 

(2.4) 

and can be plotted as phase image as shown in Figure 2.2 (d). The phase image provides 

the phase angle of each data point relative to a reference datum. This datum is set by 

the operator by adjusting the phase set.ting on the system. Ideally, it should be set to 

synchronise with the load signal. 

This cross correlation technique is very useful in that the out-of phase correlation, Be, 

component in the TSA image can be used to identify the localised out-of-phase signal 

caused by heat conduction [1]. 

2.3 Application of LEFM to surface flaws 

As st.ated in Chapter 1, small defect.s such as surf(tcp flaws can propagaJ,p (tnel cause 

structural failure uncler a normal operating loads. Component.s need to be inspected 

at. appropriat.e times to assess their integrity. This c(tn be done by using any suitable 

non-destructive evaluatiun method tu defille damage lucatiuns and estimate geomet.ric 

detail of the defect. To assess the integrity. knowledge of the stress field in the vicinity 

of the crack-tip is required. In practice. the st.ress intensity factor approach is widely 

used. The shape and size of the defects obtained from the inspectiun are compared 
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(a) (b) 

(c) (d) 

FIG URE 2 .2: Typical images from DeltaTherm system: (a) maximised X image, (b) 
minised Y image, (c) R-image and (d) phase image of the same data 
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with established standards or handbooks such as [18], [19], [20] and [21 ]. As most of 

the techniques used to obtain SIFs are based on analytical and numerical methods on ly 

idealised crack/flaw geometries are available. Finally, the SIF as well as geometric factors 

from the handbooks for the particular crack shape are obtained. T hese parameters are 

essent ial to predict the growth rate and fatigue life of the components. However, it 

should be pointed out that most of the analyt ical solu t ions of the SIFs in the standard 

handbooks are derived for infinite or semi-infinite plates and they are based on the 

function of crack size, shape and far-field stress. Consequent ly, t he crack-t ip stress fi eld 

is not expressed explicitly in a closed form and applications of the analytical solution 

are quite limited. 

In pressure vessels and piping, a number of approaches have been proposed to solve the 

SIF problem for various circumstances. At luri and Kathiresan [22] used a displacement 

hybrid FE method to solve t hree dimensional-crack problems on surface flaws in th ick

walled reactor pressure vessels . Raju and Newman [23] used a t hree dimensional FE 

method . Their FE results cover a wide range of crack shapes and sizes for both in ternal 

and external locations and are generally regarded as one of the most accurate solu t ions 

[24]. Nishioka and Atluri [25] developed a new 3-D alternating method. T he solu tion 

was shown to be an inexpensive FE procedure for a rou t ine evaluat ion of the SIFs for a 
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flaw in pressure vessels. Chen et al. [26] modified the conventional body force method 

to evaluate SIFs for surface flaws in cylindrical pressure vessels. 

Nevertheless, these available SIF solutions are not always adequate for particular en

gineering applications. A complex situat.ion occurs ,vhen the cracks initiate ill a non 

uniform stress field such as that caused by residunl stress or t.hermal stress. This makes 

SIFs evaluation more problematic ami special treatment is required [27]. Furthermore. 

it has been argued in Ref [28] that hactme in real applications is irregular ami may 

not strictly fit with generic configurations and could introduce errors in the growt.h dat.a 

as well as the estimated fatigne life. A similar issue has been also emphasized in Ref 

[24]. It can be concluded that some difficulties in damage severity evaluation in LEF:t\I 

for actual cracks can be attributed to the irregularity of the actual crack front and the 

complex stress field due t.o the complicated boundary conclitions. 

Full-field experimental analysis such as TSA can be consiclered as an alternative tech

nique to achieve a better understallCling of the problem. The experimental results can 

also be used to valiclate any numerically proposed solutioIls. 

2.4 TSA applied to through-cracks 

The IlOIl-contact features of TSA and the ability to obtain relatively high resolution full

field stress data directly from the component has made it an att.ractive technique for 

crack-tip studies. An extensive review by Tomlinson and Olden [29] describes four main 

approaches available to determine SIF" from the crack tip stress elata. Firstly, Stanley 

and Chan proposed a method that related the therllloelastic signal to the \Vcstergaa.rcl 

equation under mode I [6] aml lllode II [30] loading. Second, Stanley and Duliell-Slllith 

[31] introduced an approach based on the isopachic contours around the crack tip region 

for mixed-mode analysis. Third. Lill et al. [32] snggestcd a met.hod based 011 the 

equilibrium and compatibilit.y equation with .I-integral concept.. Fourt.h, Tomlinson et 

al. [33] propotiecl a concept utiing IvI uskhelishvili 's stress field equations. A step furt.her 

in the application of TSA to £"ractme mechanics has lwcn recent.ly carried ont by Diaz 

et al. [34], where TSA was l1secl to mea:mre the SIFs dming fat.ig11e crack growth. The 

considerable effort in t.hese works has llleant that the technique of using TSA to evaluate 

SIFs in through cracks has becoIlle viiclel.y recognised and the reliability of the technique 

in fracture mechanics applications has been confirmed. 

The stnclies melltioned above were aimed to identify the SIFs from a t.hrough crack. 

These works are mainly based on the usc of LEFl\I stress field equations to define 

the stress field near the crack t.ip ill an illiinite bod.y. The thermoelastic response is 

obtained directly hom t.he snrfacc which GUl lw monitored directly as shown in Figure 2.3 

(a). When a surface flaw (sec Fignre 2.3 (b))or a part-through crack in a body of 

finitC' thickn(~ss is ill quC'stion. tlWS(! 1C'cllllicjllC'S arC' llot applicable. This is bccal1se the 
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thermoelastic response from a surface flaw can be obtained only from the free surfaces, 

i.e. either the damaged side or llmlamaged side. Furthermore, a direct. relationship 

between the stress field on the freC' surfaces and the part-through crack does not exist. 

Therefore, further investigations llsing TSA to evaluat.e damage severity of surface flaws 

is required and is one of the objectives of the work described in this thesis. 

2.5 TSA applied to part-through cracks and internal stress 

TSA has been used to evaluate the SIF from surface cracks [35]. In this investigatiou the 

TSA data was obtained directly from the damaged side of the plate and the solution of 

mode I SIF was derived from the V/estergaarcl equations. The derived SIFs is an approx

imation as the characteristics of a surface crack are uot the same as those of a throllgh 

crack. Therefore, the Westergaard equation is llOt adequate for this bOlludary coudi

tion. However, the author showed that TSA has great poteutial as a non-destructive 

technique for damage evaluatioll of complicated stress stat.es where there is no available 

closed form solutiou. 

Generally, it is understood that TSA gIves no indicatioll of subsurface stress because 

the temperature change is observed from the specimell surface only. However. Lesniak 

[36] showed that it is possible to measnre intemal stress by using TSA. He developed a 

thermal model to study how heat created by the intemal stress conducts to the surface. 

This heat transfer model is analogous to A.C. circuit. analysis. He abo concluded that 

the method can be applied to TSA to det.ect intemal damage in materials. Therefore, it 

is possible to obtain interna.l stress information b,v obseITing the thermoelastic response 

from the surface resulting from heat comlllctioll from withiu the mat.erial. 

For crack detection, Silva et al. [12] llsed SPATE to detect a hidden crack III au alu

miniuIll fiat p18te. A series of spccimells with differcnt dmllagc severities were tested to 

identify the sensitivity of the technique. All l.(5 nnn-thick specimens were machined to 

simulate a part-through crack. The rectangular part-throngh cracks were made h.y the 

electro-erosion process. Damage severities were varied by it parameter representing t.he 

crack depth, eL, to t.hickness, t, ratio (see Figllre 2.3). SPATE was usee! as non-destrnctive 

evaluation tool t.o detect t.he part-t.hrough crack frolll the face without a crack. The lo

cation of damage was observed by a perturbation of the stress distribution along the 

crack axis. According to their results the crack of depth to thickness ratio, oft, of 0.375 

(see Figme 2.3) was the shallowest crack that can be detected by the technique. It was 

also expected that the in-service induced crack lllay produce a greater therllloelastic 

response because the actual crack front is sharper than the simulated crack and hence 

results in a very high stress gradient. Therefore. stress at. the crack front is llluch lllore 

extreme and as a consequence. shallower dcf('cts lllay 1)(' observed. 
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The work in Ref [12] indicated that TSA could be applied to subsurface crack detection. 

A preliminary feasibility study, described ill Chapter 4, confirms the findings of Ref [12]. 

Chapter 4 also shows that care must be taken when TSA is used to interpret the results 

at the region of high stress gradient such as cracks or notches, as these regions are prone 

to non-adiabatic behaviour in TSA and may lead to some error in the interpretation. 

A theoretical derivation of the TSA signal in Chapter 5 shows how the non-adiabatic 

condition can bias the thermoelastic signal. Therefore, a fmther investigation of using 

TSA for subsurface flaw detection is necessary. In this thesis the study of non-adiabatic 

behaviour is carried out in order to understand the physical effect of the damage extent 

to the detected thermoelastic signal ClS well as the ability to evaluate the severity from 

the damage. 

2.6 Non-adiabatic behaviour In TSA 

Non-adiabatic behaviour has been analysed using several lllnnerical approaches. Dunn 

[37] used a finite difference technique to solve the two-dimensional heat conduction 

equation, where the heat input term (heat generated in the body) was calculated from 

the stress field obtained from the FE model. Offermann et al. [38] used the FE technique 

to quantify the solutions of a simple two dimensional model of a bar with 1:1 centre hole, 

where non-adiabatic behaviour was observed over various load frequencies. Another 

recent study of the non-adiabatic effect has het'll carried out by Inone and Kishimuto 

[39]. The Boundary El<:'rnent i\Icthud (BEl\I) was usee! in their stmly. They showed 
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that under non-adiabatic conditions, heat diffusion eHects lead to an underestimation of 

stress concentration. 

Recent studies of the non-adiabatic hehi-lYiour [39, 40] focllsed on correction procedures 

to recover the adiabatic thermoelastic respOlUie so that TSA data taken under nOIl

adiabatic conditions can be used for stress analysis. In this study, the non-adiabatic 

behaviour wa" inve"tigated in order to relate the non-adiabatic thermoelastic response 

to the damage severity of the sub-surface flaw. 

It has been shown that more detail of illternal stress conditions can be assessed frOlll the 

non-adiabatic behaviour [36]. For this reason, the nOll-adiabatic behaviour created froIl! 

the damage beneath the surface could lead to SOllle relationship between the signal re

sponse and the extent of the damage. Therefore. fully llllCierstamling the non-adiabatic 

behaviour in the thermoelastic eHect is essential. To do this it is necessary to revisit the 

theory to understand the nature of the heat tnlllsfer as a reslllt of the stress gradient 

and thermal conductivity as well as the theory behind the TSA via IR detecting systelll. 

This will enable better interpretation of the thermoelastic response to elicit detailed in

formation on non-adiabatic behaviour. In the author's knowledge, there is llO pllblished 

information on the use of TSA in dalllage evaluations of part-through crack-like rimvs b.\' 

considering the undamaged surface. i\Ioreover, allal~,tical solutiolls to relate the three

dimensional stress distribution arollnd arbitnuy dmuage to the thermoelastic response 

do not exist. Therefore. it is neCC8Sm)' to develop a sllitable Illllllericai SilllUla tiOll pro

cedure to solve for a thrce-dimcn::;iollal case. Ref [38] has provided some infol"luatiOlI 011 

the use of FEA to model the Iloll-adiabatic behaviour on their specimen, however, the 

procedure necessary to reproduce such a simulation is llnclear, Therefore, in Chapter 6 

a detailed account of using FEA to obtain the thcrrnoelaCitic response is provided. 

2.7 Practical applications of TSA on curved shell struc

tures 

As the objective of this work is to apply TSA on actual pipework structure, under pres

surised load in particular, further considerations in thi::; review are to justify the tech

nique based on real applications on full-scale structure which features complex geometry 

as well as complex operating loads. U ncier dynamic pres::;l1rised loading, there is only one 

reported work on TSA l1::;ed in conjunction with this type of loading condition. Stanley 

and Chan [41] carried out TSA work on a thin free-formed pressure vessel encl. They 

showed that the technique can provide stress clistribution of a thin-walled structure un

der a simulated in-service loading. The design of the pressure loading system llsed by 

Stanley and Chan forms the basis for the deCiign of preCisure loading system llsed in 

the work described in Chapter 9. For the applications of TSA lllHjer full-scale testing, 

lllany TSA applications have shown the that TSA possesses some advantages over other 
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experimental techniques, examples are the measurement of the stress distribution 011 

large tubular welded tee joints and cross tee joints of an off-shore platform [1] anel in 

nuclear power plant components [2]. These works demonstrate the reliauility anel prac

tical viability of the technique. Therefore, it can be seen that the approach possess great 

potential for a novel application on any pressurised cylindrical structure. I\Ioreover. the 

pipework is often subjected to a cyclic load when it is in service, therefore, it lllay be 

possible to perform an 'in situ thermoelastic mea::;urement. 

2.8 GRP pIpes In marine applications 

GRP piping systems have been used successfully over the past 20 years in the offshore 

industries. This type of piping is expensive to manufacture unt possesse::; key advantages 

over typical metal or alloy pipe systems in that it is highly re::;istant to corrosion and is 

lightweight. However, composite piping systems have not been widely adopted by ship 

building industries where these advantages could be realised. 

The nature of pipe networks in ships is generally lllore cOlllplex than that has been 

found in ordinary engineering plants. This is because the ronting of the pipework is 

more compact wit.hin the limited space available among Illall~' machines in a single COlll

partment. In addition, a large llUmbcr of complicated pipe intersectiomi and COIlfll'ctious 

are required to allow acce::;s for mHchiucry maintenance. Under service loading, complex 

stress distributions are developed at those iutcrsecticllls accorcliug to the jOillt geometry. 

Apart from the pipe weight. loads are applied frolll a combinat.ion of internal presc:urc 

and moment force due to pipe deformatiou. others are from thE:' vibration transmitted 

from the machinery to which the pipes are connected. Consequently, failnre Illay occur 

if the pipework is not properly designed. It has been reported [42] that. a C1ll'rellt ap

plication of plastic pipes in commercial vessdc; t.o replace steel pipework in non-critical 

areas is cost effective. On that. acC'OlUl1. the practice of llsing GRP pipe in critical areas 

could be expected to produce similar savings. A rigorous st.udy of the practicality alHI 

economics of using GRP pipes in ships had been carried out [42] and demonstrated the 

feasibility of t.he approach in both cost aml structural terms. 

2.9 GRP pipe intersections 

Pipe iutersections are necessary III auy pIpe network to facilitate the introduction of 

branch pipes and nozzle::;. The intersections are generally t.he weakest part of the 

pipework network and are usually subjecteel to complex loading conditions. A large 

amOllnt of work has been dedicated to investigating the stress distributioll arollud the 

metallic pipe illtersections ::;ubjectecl t.o various loading conditions uc:ing both experimen

tal and numerical methods. However. there is little data 011 the behaviour of intersections 
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in Gla::;::; Reinforced Pla::;tic (GRP) pipe. To the author'::; knowledge, only one extensive 

experimental investigation on composit.e pipe int.ersections is reported in t.he lit.erat.ure 

[43]. 

In Ref [43] t.he ::;t.rength of the tee-sect.ion components was assessed using cOIlventional 

strain gauge technique and t.est.s destruction. Four types of tee-section;; were rnanufac

tured to meet the BS 7159 requirement for the off;;hore use. Strain gauges were attached 

to both the inside and outside snrfaces aronnd the joint;; to observe the behaviour of the 

sections under in-plane bending ami pressure loading. Elastic strain clistrill11tion ar01lnd 

the intersection profiles due to pressme, in-plane and out-of-plane bending loads was 

reported extensively based on their experimental re::;1Ilt;;. The cOIlventional ;;train gauge 

technique is very laborious for this application as a large llUmber of strain gaugeCi are 

required to observe the strain behaviour aronncl the pipe illtrrsr:ction profile. !dorrovrr. 

in practice, making all connection::; to meet all climcllsicJlls required by the Citandard 

would be difficult ::;ince most of the G R P /FRP pipe-collnection fabricatiOlICi have to be 

carried out by hand lay-up particularly on-site fahrications. It was abo argued in Ref 

[43] that the strain gauges did not ::iUpply sufficient data to identify the maxiHlllln stress 

because of the high stre;;s gradients involved at the snrface di::;continuity. Therefore, 

introducing a high resolution full-field technique such as TSA to analyse the st.resses in 

such structure allows both a convenien1 and pf-Iicien1 means of performing ::;tress/strain 

analysi::;. 

Considering that numerical tedllliquE:'s such as FE sinl1llations are currently in favour, the 

FE analysis of GRP pipe intersection is very limited. Onl' of the very few investigation::; 

using FEl\I was carried out by Xlle et al. [44]. They 11;;('d three dimensiomti FE to 

estimate the stress and strength of FRP tee sections ::;1Ibjecteci to int.el'llal pressure. 

Incompatible element types werE:' used in the model to deal with the probleIIl of diI!'prpnl 

principal directions of the material at the interface of branch anel nozzle regions. The 

analysis shmvec! the reinforcemcnt at the joint was necessary. as the strength criterion 

derived from the Tsai-VYIl stnmgth crikriclll [45] \vas exceeded iII all cases. 

In the current work the piping sections arc reillforced at the joint by over-lamillation 

with Chopped Strand l\Iat (CSl\I) lllaterial which is wrapped arollnd the joint. This 

reinforcement will affpct the stress distribntion at the joint considerably hecau::;e both 

the localised stiffness at the reinforced region and the geometry at intersection area 

will change substantially. In this case, cletailed FEA may not be the most preferable 

option since hand lay-up fabrication at the reinforcement region results in highly non

uniform geometries and lnaterial properties. Thi;; issne was also mentioned in Ref [43]. 

An experimental approach is a more realistic solution for the ::;tress analysis in thi::; 

situation. Therefore, the objective of tili::; work i;; to a::;se::;s the applicability of TSA in 

obtaining the stresses around composite pipe intersections. 
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2.10 TSA for composite materials 

TSA has a unique feature over other experimental techniques in that both stresses on 

the component surface and internal damage such as delaminations can be identified 

simultaneously. The applications of TSA to composite materials have been monitoring 

damage evolution on composite materials [46.47], measuring stress concentration factors 

[46], determining complex stress in the composite structure [4, 48] and detecting snb

surface damage on a large wine! turhine blade [49]. In this current study, TSA is usee! 

to observe the stress distribution OIl composite pipe scctions particularly around the 

COllUection region where not only a complex stress distribution occnrs but the material 

properties around this region are highly heterogcneous. 

To apply TSA to orthotropic materials where the lllechanical properties vary with di

rections, the governing equation (Equation 1.1) needs to be developed for an anisotropic 

elastic solid [13]. For orthotropic materials. the temperature change (6T) due to the 

thermoelastic effect can be expressed in the following form: 

(2.5) 

where T is the absolute temperature, p is the material density, ep is the specific heat at 

constant pressure, CYp and 01 are the coefficients of thermal expansion in the directions 

of the principal material axes and 6(Yp and 6(Y1 are the stress changes along the axes. 

Similar to the case of isotropic materiab, when the temperature change is measured 

using an IR detector, this expression can be rewritten in terlllS of thermoelastic signal 

(S) and calibration constants (A*). Equation 2.5 can he expressed as: 

(2.6) 

Equation 2.6 shows that data relateel to the stress (in the principal material directions) 

can be obtained. This theoretical development has been validated by experimental 

work [13]. Further development of the thermoelac;tic theory for composite materials has 

improved the accuracy of the technique [50]. 

The applications of TSA to composite materials may be separated into t.wo categories: 

damage evaluat.ions and stress/strain analysis. In a damage characterisation study, 

TvlackiIl et al. [46]llsed TSA to lllonitor dalllage evolut.ion of the fat.igue damage OIl double 

notch salllples of several composite systems. The ill-phase images (see Section 2.2) were 

used to measure reclistrilmtion of stress caused by the fatigue damage amI the out-of

phase images were used to identify the lew I of damage. The.\' concluded that the heat 

frolll frictional work infiuenccc; the thcnllodastic signal amI this causes the phase-shift in 
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the phase image and hence alters the magnitude of the in-phase images. Cunningham et 

al. [47] conducted a similar investigation on fatigue damage on a composite sample with 

a centre hole. They also found that thermoelastic data was affected by the increase ill 

temperature from friction alld viscoelastic heating. In this study on the composite pipe 

sections, it is believed that the same phenomenon will occur around the joint area of the 

pipe section but the CSTvI used as a reinforcelllent material is relatively thick around 

the joint. area therefore the abovr rfFrct may not. he ohsrrvrrl as t.he CStI has a very low 

thermal conductivity. 

Apart. froUl t.he damage evaluation all COlllposi te struct1ll'e. TSA can abo be usee! to 

determine stress distribution quantitatively. Dulieu-Smit.h et al [4] have demonstrated 

that TSA can be applied to obtain 1'l1ll-11eld stress clistrilmtion on a complex GRP stmc

ture (a GRP tee joint commonly nsecl in marine applicatiolls). Reasonable agreement 

between the TSA and FEA was achievee!. Another quantitative work OIl foam-cored 

sandwich constmction composite tee joints carried out hy Dulie11-Barton et al [48] also 

demonstrates applicability auel llsefuilless of the technique to det.erllline stress distribu

tion on the real GRP structures. These works established TSA as a. llleaIlS of validating 

FE simulations. 

A study of the effect of ply lay-up on the tllCrmoclastic respunse of laminated composites 

has been carried out. by Clll1I1ingham et al. [51]. Their inwst.igat.ion shows t.hat. the resin

rich layer plays an important role ill quantitative stress aml.lysis. They conclntled t.hat. the 

thermoelastic response obtained from a component with a resin-rich layer is a funct.ion 

of the global stiffness of the component. A similar finding was lllade by El-Hajjar anel 

Haj-Ali [16]. They proposed a lllethod t.o measure the snrface strain 011 a j)llltl'lltled 

composite component by t.aking aelvantage of an ill-plane isotropic sl1rface layer with an 

assumpt.ion that the surface layer iCi responsible for the thermoelastic response. They 

verified their results with FE simulatioll ane! a good agreelllent was obt.ained. 

2.11 Justification for current work 

In view of damage and stress assessment. 011 cornposit.c pipe component, very few st.uel

ies have been dedicat.ed to t.he st.ress analysis in the actual component particularly 011 

GRP pipe int.ersections. The cOIlventional st.win gauge t.echnique is laborious and is not 

sufficient to evaluate t.he distribut.ion of stress at a complex region. FEA can he con

siden:d to be a good option for full-fidcl analysis on a ('olIlplf'x structure. However, for 

the st.ress analysis of a GRP pipe intersect.ion the approach may not be suita:ble. This 

is because the accuracy of the physical response of t.he FE model depellds on a good 

approximation of various inpnt. parmneters snch as geometries, mat.erial properties and 

houndary conditions which arc difficult to achieve in GRP pipe intersection. Therefore, 

TSA is proposed as an experinH'ntnl techllique for t.his purpose. 
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According to the above revIew on damage Clssessment. it can be concluded that tra

ditional methods to obtain damage parameters in fracture mechanics rely upon the 

effectiveness of the detection technique to estimate the geometry of the defects and the 

accuracy of the methods used to evaluate the fracture parameters. It has been pointed 

out that difficulties occur when the defect shape is irregular or the flaws occur in a 

complex stress field. Since t.he exact solntions for particnlar cases are not. available. 

experimental techniques need to be cleveloped not only to provide a compmatin~ valida

tion of the existing techniques but t.o gain lllore knowledge about the behaviour of the 

defect. 

A new approach i::; proposed here hased on TSA. TSA provide::; full-field data that can 

be directly related to the stresses ami pl'Ovicles the opportnnities to obtain detailed 

information from the actual struetmes. The approach has the potent.ial to provide 

sub-surface information from cracks and damage. To implement the approach. it is 

necessary to understand the nOll-adiabatic t.hermoelastic response. To Cl.chieve this it. will 

be necessary to clevelop a generic FE comj)ntat.ionalmociel to siumlate the thermoelastic 

effect under non-adiabatic condit.ions. To demonstnlt.e t.he effectiveness of the approach 

TSA will be used on a variety of specimens with sub-::;urface defects. This ha::; not been 

attempted in any previous studies. To demonstrate the approach in a practical context. 

in a pressurisecl pipe section. internal damage is also analysed using TSA. This is a new 

cont.ribution to the field of TSA. Furthermor~, considerable design effort was required 

to develop the pressurisation facilities, which are also described in this t.hesis. 



Chapter 3 

Demonstration of TSA • on pIpe 

components 

3 .1 Introduction 

It hati been mentioned in Chapter 2 that using conventional strain gauges to obtaiu 

the stress distribution around the complex geometry of a compotiite pipe is laborious. 

Therefore in this chapter, TSA is introduced as an experimental st.ress analysis tech

nique for this applicatiou. The objective of this work is to demonstrate that TSA is an 

effective tool for stress evaluation. part.icularly iu a real structure. In this work. full

scale GRP (Glass Reiuforced Plastic) pipe intersections manufactured from oif-the-shl'lf 

filameut wound tube. wcrl' tested using a rig specially clcsigued for full-scale pipe test

iug. To obta.in quantitative stress \',llues. it is uecessary to calibrate the thermoelastic 

signal. Therefore. a calibration procedure for the pipe-illtersection material is devel

oped, A stress factor approach is also proposed tu allow a qllick evalllation of the 

pipe-intersection. This is compared with the results obtained from the similar pipe

intersection made from steel. An FE stress analysis of the stress distribution arouucl the 

pipe-junction was abo caniee! out fur comparison with TSA. 

3.2 Fundamental theory 

It hati been mentioned in Sectiou 2.10 that t.he clatisical thermoelatitic equation for TSA 

defined in Equation 1.1. i.e. AS = .0,,(0'11 + (J22) is nut applicable for orthotropic mate

rials. For orthotropic materiab the theory ml1st be modified because the t.emperature 

change. 6T, cau::;ecl by the t.hermoela::;t.ic effect. does not simply relate to the st.ress 

change bllt is also rplatted t.o a combinatiou of the coefficients of linear thermal expan

sion iu each principal material direction a.nd the stresses change in those axes. Iu a 

33 
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biaxial stress system, the thermoelastic temperature change , 6.T , can be ex pres 'ed a:; 

[13]: 

(3 .1 ) 

where, D:p and D:t are the linear coefficients of thermal expansion in the principall1l ateria l 

direc tions and 6.ap and 6.al. are the stress change in the corresponding direc tioll:;. For 

TSA using the DeltaTherm :;ystem, Equation 3.1 can be rewritten as: 

(3.2) 

3.3 Specimen descriptions 

Plain cylindrical GRP sect ions were produced u:;ing a filament winding technique by 

Halyard so that a balanced , symmetric winding was obtained with all angle of 67.5° to 

the axis of the cylinder. The fibre cont.ent. of the \-vound pipe was approximately 70%, 

the res in material was polyes ter. Tee-joints were produced by cutting the t llbe sect ions 

that form the running pipe to a length of 900 nnn and then cutting an appropri a t.e 

hole in the running section to accornmodate the branch pipe. The branch pipe was 

adhesively bonded to the running pipe and then overlaminated with E-gla:;:;/polyes ter 

chopped strand mat (CSM) material to form a rigid connection , see Figure 3.1. Foll!' 

FI GU RE 3.1: GllP pipe cO llnecti ol1 

GRP pipe sect ions were used in this work and are :;hOWll in Figure 3.2. T he dimension:; 

are given in Table 3.1: T-Ol , T-02 , T-03 and T-04 denote the pipes . Two different 

wall t hickness were studied. which gave three branch to running pipe outside di ameter 

(do l Do) rat ios . It shou ld be noted t.hat because the cy li ndri cal sect ions were formed 

on a. rna.lldrel of fixed diameter the thicker wall provides a difFerent do l Do ratio. For 

comparison a welded :;teel tee-joint wa.s also included and is denoted T -05 . The :; teel 

tee-joint was coated with two passes of matt black pa int prior to testing. 
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FIG URE 3.2: GRP pipe ;;pecimen;; 

TABLE 3.1: GRP and steel pipe specimen dimen;;ions 

Specimen Running pipe(mm) Branch pipe(mm) Wall thickness Dia. ratio 
Reference OD ID OD ID (mm ) (1f-) 

T-01 (GRP) 127 119 64 56 4 0.5 
T-02 (GRP) 127 119 127 119 4 1.0 
T-03 (GRP ) 161 145 124 107 9 0.77 
T-04 (GRP) 124 107 124 107 9 1.0 
T-05 (steel) 140 127 76 63 6 0.5 

3.4 Loading rig 

To simulate the operating load experienced by a pipe section in a laboratory environ

ment , it is necessary to have a test facility that can accommodate the pipe section 

specimen and distribute the load from a standard test machine into the branch pipe 

specimen in various directions. The pipe testing facility W8..'i designed and bui lt [52] to 

allow a full-scale pipe section with a branch to be tested on a typical test machine . The 

rig was designed to be able to load the pipe specimen in both in-plane and ou t-of-pl ane 

directions. Moreover, the b8..'ie of the rig can be adjusted to posit ion the applied load on 

the branch of the specimen. As a result, an oblique branch can also be tested . Figllre 3.3 

shows a simple bending loa.d configuration on a perpendicular junct ion which is used in 

this experiment . The photograph shows the specimen 8..'isembled wit h the r ig mounted 

on the testing machine. It can be seen t ha.t , in this configuration t he load can be app lied 

directly through the branch pipe. 

3.5 Thermoelastic calibration of pipe materials 

Before the full-scale bending tests were performed, two experiments had to be carried 

ou t to obtain calibration constants for the relavent materials, i. e. the CSM a nd fil ament 
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Branch pipe 
specimen 

FIGURE 3 .3: Bending rig used in the experiment 
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wound material. The specimens wa..s not coated with the matt black paint a..s the surface 

emissivity of the material is relatively high . 

3.5.1 CSM speCImen 

Four CS1VI coupons (4mm x 40mm x 200mm) were made from the materials used to over 

laminate the tee joint and supplied by the pipe manufacturer. Firstly it wa..s decided 

to perform a tensile test to mechanically characterise the material. A tensi le test until 

failure was performed to obtain the behaviour of the material. Due to the limited numb er 

of specimens, two of the CSIVI specimens were tested. A strain gauge wa..s mounted onto 

the specimen in the direction of applied load to record the strain during the test. 

250 .--------------------------------------------------. 

200 

~ 150 

6 
CIl 
CIl 

~ Ul 100 

50 

Tensile test of CSM specimens 

-- coupon 1 
- - coupon 2 

O ~--------._--------r_------_,--------_.--------~ 

0.00 0.01 0.02 0.03 0.04 0.05 

strain 

FIGURE 3.4: Stress-Strain curve from the tens ile test of the two CS}'T coupons: loading 
rate = 1 mm per second. 
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The stre..ss-strain curve obtained from the tests is given in Figure 3.4 and shows that the 

yield stress of the material is approximately 60 rvlPa or less . Al though the failure st ress 

and strain are substantially different, there is a good agreement in t he elastic range. 

The two tests were considered sufficient to est ablish the elastic range of the material. 

To obtain the calibration factor for the CSM specimen , the CSiVI coupons were loaded 

cyclically at 4.5 ± 4 kN which results in 28 ± 25 iVIPa, i. e. below 60 rvIPa . A typ ical 

thermoelastic image is shown in Figure 3.5. The box indicat ed in the fi gure is t he area 

where the data was interrogated and the test results from all the tes ts are provided in 

Table 3.2. 

The average signal and standard deviation values provided in the table are the average 

values within the rectangular region shown in the image. It can be seen that the results 

were repeatable within an error of approximately 5%. The averaged thermoelastic sign al 

(S) was used with the calculated stress [53] and a calibration factor of 0.052 MP ajU 

was obtained . 

·94 
·281 
·469 
·656 
·844 
1031 
·1219 
·1406 

AID 

FIG URE 3 .5: An example R-image observed from the CSlvl specimen 

TABLE 3.2: Thermoelastic signal (R-signal) from each specimen under load 4.5 ± 4 kN 

I Specimen no. I Signal (U) I SD I Coef of vari ation I 
1 1155 90.4 0.08 
2 ll45 91.3 0.08 
3 ll23 92.7 0.08 
4 ll80 95.2 0.08 
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3.5.2 Pipe section 

As the manufacturer did not supply a straight pipe section, a section of straight pipe was 

cut from a tee specimen of 4 mm thickness and 127 mm outer diameter for the calibration 

test of the pipe. A diagram of the filament wound pipe is shown in Figure 3.6. 

2 

Fibre 
22.5 deg 

1 

FIGURE :3.6: Orthot.ropic cylinder: 1 and 2 are tIl(' principal st.ress directions 

The pipe was subjected to a cyclic loael of -4.4 ± 3kN (compression) in the axial 

direction at 10 Hz using the same rig as clescribed in Figme 9.10. This yields .6.O"app = 3.8 

l\IPa which is high enough to produce a good signal quality for general glass/polyester 

materials. The filament wound pipe 'Nas considered CIS an orthotropic material with 

principal material symmctry axes in the dircction of circ1llllferential and axial directions. 

i.e. direction 1 and 2 respectively in Figme 3.6. The thermoelastic equation for this 

case can be expressed as: 

(3.3) 

where .6.0"1 and .6.0"2 are the stress changes ill the direction of the principal stress axeses 

and Un and 0;22 are the linear coefficients of thermal expansioll in the correspollding 

directions which can be obtained by the standard tensorial transformation as: 

2 .. 2 . 
11'11 = 11'1' cos r,b + I1't sm ¢ (3.4) 

(3.5) 

where cP is the angle between the principal stress direction and the fibre direction. I.e. 

22.5 degrees (see Figure 3.6) 
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As the cylinder was loaded in uniCL'{ial compression .0.CTl in Equation 3.3 can be elimi

nated and .0.CT2 = .0.CT app so that: 

where A** = ~. 
all 

(3.6) 

In this work, the coefficients of linear thermal expansion O'p and O't are obtained by using 

a formulation proposed in Ref [54]: 

(3.7) 

(3.8) 

(3.9) 

where E is the Young's modulus. v is Poisson's rat.io and V is the volume fraction 

and the subscripts f and Tn denote the fibre and matrix respectively. Since t.he exact 

material properties of the materials (E-glass/polyester) used to make these specimens are 

not available and a range of t.ypical mat.erial properties values for polyest.er is relatively 

large, the material properties used in the calculation are assumed from generic values 

from Ref [55] and shown in Table 3.3. 

By substituting the assumed material properties in Equations 3.7 allCI 3.8. a1l(1 tlwn 

substituting the results into Eqllatio!l:'; 3.4 and 3.5. thl' codficient of thermal expansion 

in the principal stress directions can be obtained as: n 11 = 1l.06 X 10-(; II\: awl n:z~ = 

22.24 x 10-6 II<:. Therefore the calibration factor A** cOlllc! be determined. 

An example of the thermoelastic cl(\ta in terms of R-image from the calibration test on 

the GRP pipe is shown in Figme 3.7. The box in the image illClic:ates where the average 

data were interrogated for this c:alihrati(Jll ex(~rcise. The averaged signal from six tests 

was calculated to assess the repeatahility of the wSlllts amI given in Table 3.4. 

TAElLE :3.:3: IvI"tl'rial pl'Ojlcrti('s llsillg ill thl' c()('rIic:il'llt of tlll'ruml expallsioll (CTE) 
cnlcnla tion 

IVlaterial properties 

Young'::; modulus of fibre. Er 
CTE of fibre, nr 
Volume fraction of fibre, VI' 
Possion':-; rRtio of fibre, l/f 

Young's modulus of matrix, Erll 
CTE of matrix. Om 

Volume fraction of matrix. \1;" 

unit 

80 GPa 
5 x 10-(j °C- 1 

0.7 
0.27 

3.5 GPa 
60x 10-(; °C- 1 

U.3 
Possion's ratio of matrix. //11/ 0.37 
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TABLE 3 .4 : Thermoelastic signal in the box area shown in Figure 3.7 under a cycl ic 
load of - 4.4 ± 3kN 

I Specimen no . I Signal (U) I SD I Coef of variat ion I 
1 517 79 .1 0.15 
2 495 90 0.18 
3 482 91 0.18 
4 490 88.2 0.18 
5 480 79.3 0.16 
6 504 77 0.15 
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It was found that the signal was relatively noisy. The coefficient of variation of each 

data set was approximately 16.7%. A similar irregularity in the signal was also observed 

in an experimental validation performed by Stanley and Chan [13]. With the average 

thermoelastic signal, S, of 485 U acquired from the test, the thermoelastic constant , 

A**, of 0.02 MPa/U W8..'l calculated from Equation 3.6. 

562.5 
487.5 
412.5 

AID 

FIG URE 3.7: R-image of a pipe section under compressive load 

3.6 Experimental arrangement 

3.6 .1 Load arrangement 

F igure 3.8 shows the loading configuration used for t he tee-joints. To achieve this, the 

rig was set up in the configuration shown in Figure 3.3 (a). The rig W8..'l rested on the 

lower jaws of the test machine, four pins were used to secure the tee-joint in the r ig . 

This a llows for fine adjustments during the set-up and eliminates any misalignment . 

The load P W8..'l applied towards the running pipe (see Figure 3.8). The free-end of the 

branch pipe W8..'l placed against the top jaw of the test machine. The load applied to 

each specimen is given in Table 3.5 ; in all cases the loading frequency was 10 Hz. 
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p 

FIGURE 3.8: Load arrangement for in-plane simple bending 

TABLE 3.5: Load setting for the in-plane bending test 
I Specimen I Mean Load (kN) I Load Range (kN) I 

T-Ol 0.5 0.9 
T-02 0.5 0.9 
T-03 1.0 l.5 
T-04 1.0 l.5 
T-05 6.0 10.0 

3.6.2 Detector setting 

The area of interest for the thermoelastic stress analysis is around the connection. The 

stress distribution on the uppermost surface was analysed first. To obtain a view of 

the junction area two approaches were investigated (seC' Figure 3.9) using the pipe COll

figuration T-04. Firstly the detector was tilted at an allgle of 30° so that hoth the 

running pipe and the branch pipe could he observed clirectl~'. The second approach was 

to use a frollt coatee! mirror positiolled at a 45° ahow the area of interest. This lllcant 

that the DeltaTherrn detector could remain upright dmillg the tests. Figurl' 3.9 shows 

DeltaTherm images from both approaches and it call be clearly seen that the quality of 

the image from the mirror is poor. It shoulcl he also lloted th<1t the colour scale betweell 

both thermoelastic images ill the figure are clifi"erent. Lille plots were taken frmll the 

data from the uppermost surface and are also given ill the figure. Here it can be seen a 

clear indication of significant signal attenuation due to the use of mirror. The milli1ll11l11 

values of each line plot signifies the location of joint region. Therefore it was decided 

that the Deltatherm detector would be positioned in a tilted configuration. 
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p 

". 
IR detector 

Front coated Mirror -----7K ~~ 
, , " ,:,~~l. 
~~. . . , ." 

_ .l .. -.. .,... . ,,:1IIl 

Distance along the interrogation ine shown in 1t\e images 

I--Mimr I 
- C;rectcapnse 

FIGURE 3.9: Top: Viewing angle and TSA image from each viewing angle, Bottom : 
Line plot from different view angles along the topmost surface 
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3.7 Results 

3.7.1 Simple bending test results 

A typical DeltaTherm image is shown in Figure 3.10 . Alongside the DeltaTherm data 

a photograph of the tee-joint is given with the viewing angle identical to that of the 

DeltaTherm detector. In the DeltaTherm image the stress concentration at the pipe 

junction can be seen clearly. 

- Inteflollale j-~ line Stats l RcdJow I 
-21&.7 Max: -2St. i 

><: 121 Mn:-61a i~ 
y. 7S Avg.·342. i 

~ ___ . ___ I ~~:.~ __ I D~a:e 
(a) (b) 

FIGURE 3 .10 : Typical DeltaTherm image and photograph of the tee-joint from the 
same viewing angle 

To analyse the data, line plots were taken from each of the fi ve join ts along the line 

indicated in Figure 3.10; t hese are given in Figure 3.11 (a). In each case the line was 

taken from 150 mm away from the branch pipe and ended at the junction . As the 

loads used in each test were different and T-05 is the steel joint , these plots are not 

direct ly comparable. However, all five plots show a linear region of decreasing negative 

s ignal. Four of t he five plots t hen show a sharp decrease in s ignal in the proxirnity of the 

junction. The thickest pipe with the dol Do ratio of 0.77 does not show the pronounced 

departure from the linear decrease. 

It was expected that t he discrepancy of signal response should be observed at the re

inforced reg ion due to the different material propert ies between CSM and wound pipe 

as the calibrat ion factors are d ifferent. However, there was no change in signal at the 

'overlaminated region'. 

3.7.1.1 Stress factor evaluation 

In order to compare the results, a simple "stress factor" approach was used. In the 

running pipe away from the junction (approx 100 mm from the starting point of each 

line plot in Figure 3.11) the pipe will be in simple bending. T herefore on ly one stress in 

the axial direct ion will exist as if it was a straight pipe loaded in simple bending. The 
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Distance along run pipe axis 

0 
~------------------------150mm ------------------------~ 

-100 

2: -200 
~--------------100mm --------------~~~1 

(ij -300 
c 
Cl c -400 'Ci'5 
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~ -500 
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r 100 mm (ovenaminated reg,--i_On_) __________ -, 

- T -01 (dlD=0.5) 
- T-02 (d/0=1 .0) 

-600 
- T -03 (d/0=0.77) 
- T -04 (d/0=1.0) 

-900 - T -05 (d/O=O.5) 

-1CX>O 

FIGURE 3.11: Line plots of TSA data: it appears that the linear region starts from the 
beginning of the line plot unt il approximately 100 mm away from the start ing point . 

Note: diD == dol Do inTable 3.1 
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linear region shown at the start of the line plot in Figure 3.11 could be regarded &'i the 

equivalent signal from the situation. Extrapolating a best-fit line through t his data will 

provide a signal value equivalent to that which would be obtained for a plain pipe in 

simple bending. Dividing t he actual signal by these values gives a stress factor value for 

each point in the line plot and a means of comparing the data (see Appendix A.7). A 

plot of stress factors is shown in Figure 3.12. Here it can be seen that the smal lest wall 

thickness of GRP pipe, with the greatest dol Do ratio, provides a stress factor of 1.63 . A 

stress factor of 1.50 results from the GRP configuration with do l Do = 0.5 for the thin 

pipe and dol Do = 1.0 for the thick pipe. T he smallest stress factor is reported for the 

thickest pipe with dol Do = 0.77 which W&'i 1.20. 

1.8 

1.6 

T -01 (d/0=0.5) 

0 1.4 T -02 (d/D=1.0) 

U T -03 (d/D=O.77) 
t'Il T -04 (d/D=1 .0) LL 

'" 1.2 T-05 (d/0=05) 
'" ~ 

U5 

0.8 

0.6 
Distance from branch junction (equivalent to approximately 150 mm) 

FIGURE 3.12: Stress Factors derived from TSA results 



3.8 Discussion 45 

3.8 Discussion 

It has been shown that both calibration factors (A and A **) can be obtained by llsing 

calibration procedures described in Ref [53]. However. the CSM material will act as 

strain witness on the wound material and a complex calibration approach needs to be 

adopted based on the strain in the joint and not the stress. The over laminated region 

starts approximately 100 mm into the lim' plots Sh()\\"ll in Figure 3.11. At this point 

there is no change in the signaL so a question lllust be posed: if the thermoelastic re

sponse is different for the CSl\I <'tne! woven lllaterial. why are the two materials providing 

practically identical signals. One explarli:ltiOll may be that the matrix is dOlllinating the 

response from both. In the running pipe away from the junction the pipe will be in silll

pIe bending. Therefore only one stress in the axial direction will exist. As the winding 

angle was 67.5° from the axis of the rllllnillg pipe allCl the resin content of the CSrvI was 

estimated to be greater than 70% this is a likely explanation. Further work is required 

to verify this. 

As there is no data in the literature vvith which to compare the TSA elata, it was 

decided to build a simple finite element model in ANSYS for each joint configuration. A 

SHELL93 (8-node-structural shell) element \vas used and the added thicknesH of the CSi\I 

was neglected. IVIaterial properties were calculateel by using the fibre volume fraction for 

the wound structure ancllaminat.e theory. The applied load range given in Tahle 3.5 was 

used and stress sum data was produced frOlll the FEA in order to com pan-' with TSA 

data. Figure 3.13 shows a TSA plot from a T-01 joint and the eqnivalent FEA Illodel. 

The FEA stress slim data shows excellent correspondellce with the' TSA qnalitatively, 

even though the effects of the CSi\I overlalllinatecl region Clnd the coefficients of tlwnllal 

expansioll have been neglected. For cornparison stress sum line plots were ohtailled from 

equivalent positions (see Figme 3.10) in the FEA Jllodel: these are given in Figme 3.14. 

The plots show similar characteristics to the linC' plots giwll in Fignrc 3.11. The stress 

sum is shown to be very small in T-02, T-03 awl T-04. To COIllpare with the TSA data 

stress factors were derived in a practically identical Illaml(,!" to those derived frOlll the 

TSA data and are given in Figure 3.15. These show a vcry close correspondence to the 

TSA data. 

In order to obtain quantitative stress elata, it is necessary to calibrated the thermoelastic 

signal. However, the non-uniform anel non-homogeneous of the reinforcernent Jllaterial 

(CSIVI) around the pipe JUIlction may cause s()nl(~ difIiculty in TSA interpretation. Fm

ther work is required to study the effect of the thickness as well as non-uniformity of 

material properties of tIl(' resin-rich region to the thermoelastic signal. Figure 3.16 shows 

a proposed approach to obtain strain and thermoelastic data information at various 10-

catiolls with different material properties. 

The FE models of the specilllens are abo lleeded to he validated. Strain gange rneasme

ment can be used to verify the results. A 1111l11ber of strain gauges can be mounted OIl 
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FIGURE 3.13: TSA and FEA data from T-Ol joint 

Distance from branch junction (approx. 150 mm) 
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FIG URE 3.14: Line plots from FEA corresponding to the plot on Figme 3. 11 
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the specimens at the approximate positions shown in F igure 3.17. Consequently, global 

behaviour of the specimens can be used to verify the FE model. 

Following the logical step of the GRP pipe stress analysis is to study the stress distribu

tion of the Tee intersection under various load conditions. As pressure r ig and bending 

rig are available, the GRP pipe can be tested at various loading conditions. However, 

developing a calibration technique is considered to be more important for GRP pipe 

work. 
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FrGUllE 3.15: TSA fLnd FEA stress ffLctor compfLr ison 
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Original filament wound pipe surface 

Filament wound pipe surface after 

removing the resin rich surface 
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F IGURE 3.16 : A sample section used in cali bration exercise 
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-$- -$- -$- ~/ 
4r 

L 3r 

I I 2r 

I ~ 
-$- -$- -$- C) 

FIG URE 3.17: Stra in gauge positions. Note: r is t he nominal branch pipe rad ius 
(r = OD / 2) 
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3.9 Conclusions 

In this chapter. experimental stress analysis using TSA 011 GRP pipes under in-plane 

bending loads has been completed. The results showed that accurate stress data can 

be obtained from the GRP components using TSA. Stress factors obtained from the 

GRP components showed that the composite-pipe joints outperform a similar steel joint. 

The stress factors for the steel ane! the composite-pipe joints of similar geometr)' were 

different, indicating that the manufacturing technique canses a change in geometry t.hat 

enhances the composite joint performance. In general. the rcsnlt.s from the FE sinllliation 

showed excellent correspondence with the TSA results, qnalitatively. To ensure that the 

FE models are correctly representing the actlwl behaviollr of the GRP specimPlls. t.hl'se 

models need validation. Due to the fact that an analytical solution is not available and 

may not be possible, in the future the FE models should also be validated against the 

results frOln strain measurement using strain ganges. 

The rnain purpose of this chapter was to show that TSA can be usee! for stress analysis on 

large cylindrical structure components such as pipework. The work has shown this can be 

successfully achieved and therefore pursuing TSA as a technique for damage assessment 

on pipe structure is worthwhile. Therefore the remainder of this thesis concentrates on 

developing the theory and application of TSA to damaged metallic pipework structure. 



Chapter 4 

Preliminary feasibility study 

4.1 Introduction 

The objectives of the initial experimentc; described in this chapter are to demonstrate 

that typical sub-surface flaws can be detect eel using TSA. In Chapter 2, it wac; de

tennined from the literature that SPATE could be used to detect sllb-surface Haws of 

alt = 0.375 [12]. In this chapter the idea will be explored in further detail. It is knowll 

that sub-surface stresses can be revealed by non-adiabatic behaviour [36]. Non-adiabatic 

behaviour occurs 'when the loading frequency is not sufficient to minimise heat conduc

tioll [56]. Therefore, the thermoelastic response over a rallgt~ of loading frcquencies will 

be studied. 

In general damage 111 materials is of arbitrary conJigmaLions. The geometry of the 

damage determines the damage severity and henCt~ stress gradiellt around the damage. 

To examinc the effcct of clmllHgc g('ol!lC'1ry to the thermociastic respOllse, two tvpcs 

of artificial sub-surface Hmys were lllachined in Hat alumillium alloy plate specimens. 

The DeltaTherm ::;ystem (DTlOOO) was used to record the thermoelastic respon::;e from 

both the damaged and undamaged c;ide of the specimen. A brief description of the 

DeltaThenn ::;ystem's mode of operation i::; described in the following section with more 

details provided on IR thermography in Chapter 5. 

4.2 Experimental work 

4.2.1 Test specimens 

Two aluminium plate specimens of 5.3 IIUli thickness were fabricated. The width of the 

plates was 340 nun and the length \vas 460 mlii. Diagrams of the test specimens are 

provided ill Figure 4.1 with a cross-sectional view across the damage. 

50 
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Figure 4.1 (a) shows a drawing of 'specimen l' containing three part-through slots ma

chined using EDi\I. The slot width was 0.8 mm. The profile of the slot is semi-circular 

and each of the slots was machined using all electrode of diameter 20 mm. This means 

for different depth slots there are different slot lC'ngt hs. For comparison purposeti. a di

mensionletis parameter of the ratio of the flavv depth and the thickness of the specimen. 

alt, was established to give three defect extents: alt = 0.75. 0.50 and 0.25. Figure 4.1 

(lJ) shows a diagram of 'spC'cimcn 2' that COllt nills thrC'e flat bottomed part-through holeti 

of diameter 10 mm positioned along the celltre line of the plate. Three timvti of ([It = 
0.75, 0.50 and 0.25 were machined. 

Essentially, the specimell>; were illitially "danmgcd" bv tlw machining of the simulated 

flaws therefore it was necessary to cletermillC-' thl~ milxinlllm IOild range to prcvent spec

imcn failure during testing. As the crack-like slot ill specimcn 1 is much morc severc 

than the fiat bottomed hole. the SIF for this specimell Welti cakulatecl. To do this, the 

circular profile slot is approximated to el sC'mi elliptical surface crack for which there iti 

a solution in the literature [57]. All empirical fonnllla derived in Ref [58] for a mode 

I elatitic SIF was used to calculate the maximum SIF at the middle of the crack front 

of the most severe damage (alt = 0.75). Full details of the calculations are provided 

in Appendix A.3. The maximum tensile stress that the specimen 1 could endure was 

calculated as 12 MPa assuming that the flaws are cracks and the critical SIF for the 

crack opening mode (KIe) of t.he mat.erial is 50 T\IPa;m. 
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4.2.2 Testing arrangement and damage nomenclature 

Prior to the test each specimen was coated with a very t hin layer of matt black pain t 

to enhance the surface emissivity. The specimen was t hen mounted in an Illstron servo 

hydraulic test machine using a jig designed to spread the load uniformly a ross t.he width 

of the pla t.e, the loading configuration is shown in FignrC' 4.2. The p late was secured 

tight ly using 14 studs with threaded ends with two steel reinforcel1lent st. rips at eit her 

end of the specimen. A set of thicker steel str ips were a.tt.ached between a universa.l 

joint and the reinforcement strips by pins to ensu re a uni fo rm load dist ribution across 

wid th of the plate. The universal joints connected the steel strip to the test rnachille 

hydraulic grips. This arrangement also allows t.he test specimen to move freely a.]]([ 

hence eliminates any bending caused by the possibly of test machine grip misalignment.. 

Universal 
joint 

Reinforcement 
strip 

Test machine 
load cell (top grip) 

Specimen 

Actuator 
(bottom grip) 

F IGURE 4.2 : T( ~st·. cOnfip;lIrRtio ll o f tIl( : pI nk SpC(" illl( ~ ll 

Specimen 1 was tested first.. T he DeltaTherm system (DTIOOO) was used to record t he 

thermoelastic response from both faces of the plate, i. e. damaged and lIon-d ama.ged 

sides . The operating distance of t.he detector was a.pproximat.ely 800 nnn ill order to 
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observe all three damage sites at the same time. As a consequence, the resolution of 1.8 

mm per pixel was achieved. The detector operated at the sampling rate of approximately 

200 frames per second, which is recommended by the manufacturer as an optimal value 

for most experiments [59]. The electronic shutter was set at 35 % to provide a good 

signal to noise ratio for the test. All integration ill1ages were captured using integration 

time of 30 seconds and accumulation time of 8 seconds. The details about setting the 

integration and accumulation times me descrihed ill the DeltaVision software online 

manual [59]. 

Initially, a load of 12 ± 10 kN was applied according to t-he limited stress rallge de

termined previously to prevent the specimen failure. However. the noise lew 1 in the 

thermoelastic data was too excessive and prevented allY meaningful readings. This iwli

cated that the stress level in the specimell was too low for this particular camera setting 

and the calculation based on semi-elliptical cracks descrihed a bove is conservative for the 

EDivl slots. Therefore, the load range was ill creased until an acceptably high signal to 

noise ratio was achieved (i.e. the coefficient of variatioll ill the signal was approximately 

less than 10 %). As a consequence. the specimell was tested llllCler a constant amplitude 

sinusoidal tensile loading of 25 ± 2D kN. This is equival('))t to 6CT = 22 l\IPa. 

To study the infiuence of loading frequellcy 011 thermoclastic response, the loading fre

quency was varied from 6 Hz IIp to 24 Hz_ The loaciing freqllency of 24 Hz was the 

maximuIll that could be achieved at this load range due to the limitations of the test 

machille. 

After trial and error during the experimellt. it was found that load rallge could be 

slightly reduced to 20 ± 15 kN (6(1 = 17 l\IPa) provided that the electronic shlltter of 

the DeltaThenn system was illereased to :J;3'YcJ which maintained a gooc\ signal to noise 

ratio, so that higher loading frequencies cOllld he applied_ Therefore, the nOll-adiabatic 

behaviour over a larger frequency r;-Illge was illvestigatcci. The settings for each test are 

summarised in Table 4.1. 

TAGLE 4_1: SUlllllmry of tc~t settings 

Experimental SpecillH'll 1 Specimen 2 
settings hack side front side back side front side 

Load range (kN) 25 ± 20 20 ± 15 2() ± IS 20 ± 15 
6CTnorn (MPa) 22 17 17 17 
Load freq (Hz) 6-24 G30 G .3D 6 30 

Ele. Iris (%) 34 S3 53 53 

To examine the thermoelastic: response at particlliar damage locations in more detail, 

positions of interest were idelltified awl are indicated ill Figure 4.3 (a). Three on the 

back side are identified as points 1. 2 ane! 5 and two on the front side an' idelltiJied as 

point 3 alld 4. In specimell 1 Poillts :3 awl 4 arc at th~' tips of the slot on the frcmt 

surface of the plate, and poillts 1 amI 2 are at the c:orrcspowling positions 011 the hack 
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surface. These four positions are similar in specimen 2 (Figure 4.3 (b)), i.e. points 3 and 

4 are at the edge of the hole and point 1 and 2 are at the equivalent positions on the 

back surface. Point 5 is only defined in specimen 1 representing the projected position 

of the deepest front profile of the ::;lot ( i.e. equivalent to the crack-tip for growing into 

the plate) on the back surface. The average values of point 1 and 2 and point 3 and 4 

were used as a single data poiut for the back and front surfaces respectively. 

Point 1 Point 5 Point 2 

(a) Specimen 1 

Point 3 Point 4 
Front surface 

Point 1 (b) Specimen 2 Point 2 

FIGURE 4.3: Damage nomenclature 
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4.3 Results 

Typical thermoelastic data plots in terms of X , Y and pha...'ie images captured from the 

damaged and undamaged side for both plates are shown in Figure 4.4,4.5,4.6 and 4. 7. 

In each figure, the image was recorded at load ing frequency of 10 Hz. A line plot is 

taken along the damaged site (shown as Line 1 in the X-image) . Line plots were also 

taken from the Y and pha...'ie image at the identical locat ions. 

I , I I I I I I I , I I 

Line 2 

Line 1 

X-image 

FIG URE 4.4: X, Y and phase images from specimen 1 and line plots along line 1 on the 
damaged side 

Figure 4.4 shows the image from the front side of specimen 1. Away from t he t ip of the 

slots, the signal is fairl y constant. T he signal increa...'ies rapidly up to the tips of the slots . 

At the tip of the severest damage i.e. al t = 0.75 the high est X signal is obtained while 

938 
813 
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the least damage produces lower signal . The signal drop around the middle of each slot 

indica tes that very low stress occurred. 

In terms of the Y-image and pha..se data, the maxima occurs at the most severe damage 

site while the minimum occurs at the shallowest slot. A decrease in the Y signal at t he 

crack tip is also observed . T hese provide furt her evidence that heat conduction is taking 

place in t he region of high stress gradient near the damage sites . 
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F IGU RE 4 .5 : X , Y and phase images and from specimen 1 and li ne plots along line 1 

on the und amaged side 

degree 

In F igure 4.5 the data wa..s cap tured from the other side of the specimen (i.e. the 

undamaged surface) . Despite a small perturbation of the X signal at alt = 0.75, wit hou t 

t he prior knowledge of t he damage location , it is difficult to ident ify the locations of 

damage in t he X image. In the line plot of the in-pha..se data, the sign al appears to 

be constant along the damage site. However , in the Y and pha..se data the signal at 
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the damage locations departs from the zero condition and the location of the damage 

can be clearly identified. The trend is that t he more severe t he damage, the higher Y 

signal. However, at the position of point 5 shown in Figure 4. 3, a decrease in sigl1al 

is observed. This characteristic is evident when al t = 0.50 and becomes more obvious 

when the damage is more severe i.e. al t = 0.75 , to the extent that the signal becomes 

negative. 
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F[GURE 4.6: X, Y and phase images and from specimen 2 and line plots ,dong line 1 

on the damaged side 

In Figme 4.6, data captured from the front side of specimen 2 (see Figme 4. 1(b)) is 

shown. T he data was recorded at load frequency of 10 Hz. 1t can be seen that the trend 

of the X-image is similar to that observed from the specimen 1, i. e. the signal away 

from the fl aw is fairly constant wit h high signal to noise ratio, but the signal near the 

edge of the holes increases rapidly up to the edge of the holes. T he signal increases with 
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alt ratio at the d amage site. The finite signal at the middle of each fl aw represents t he 

signal from the flat bottom of the hole carrying a tensile stress . In terms of the Y and 

phase image, the strength of the out-of-pha..<;e signal at the edge of the fl aws is similar 

to what was observed from the first specimen (see Figure 4.4) because these are the 

high stress gradient regions. The gradient of the out-of-phase signal on specimen 2 wa..<; 

expected to be smaller than that on specimen 1, however, it is not noticeable from the 

plots a..<; the resolution of the plots is too low. 
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TSA data recorded from the undamaged side of the specimen 2 is shown in 4.7. As 

expected, the X image shows only a very small indication of the damage; only at the 

severest damage sites can a change in Sx be observed. This might be caused by local 

deformation. Again, the Y image can be used to identify t he damage site. In t his plate, 
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however, the gradient of the out-of-phase signal is not as large as that observed for 

specimen 1. 

To st.udy the influence of t.he loading frequpncy on t.he t.hennoelai:itic rei:iponse, a numher 

of images capt.ured at 6, 12, 18 and 24 Hz are presented t.ogether for both platei:i in 

Figures 4.8, 4.9, 4.10 and 4.11. X and Y imagei:i are shown as well ai:i line data across 

t.he damage sitei:i. 

Figure 4.8 shows data c8ptured fi'om t.he damaged side of specimell 1. A comparisoll of 

the X and Y imagei:i showi:i that the damage can be i:ieen in the X data alld the sigllal 

increases with alt at the damage site. In t.he Y data away from the damage the i:iignal 

is zero with i:iome out-of-phase behaviour at thl:' damage site. As loading freql1t'nc~' 

increases there appears to be little eft'ect 011 the X image. However. in the Y image the 

out-of-phase data reduces with increasing loading frequency. The lille plots ill Figure 4.8 

provide more detailed information 011 the effect of loading fn'quency. The in-phase data 

clearly i:ihowi:i that challges ill frequency in the nmgc of 6-24 Hz hai:i little effect 011 thl' 

rei:iponse. The increase in i:iignal at the edges of the damage with increasing damage 

severity is apparent with the maXiml1l11 avenlge signal of 1150 for alt = 0.75. 935 for 

alt = 0.50 and 732 for alt = 0.2.5. Tlw out-of-phac>c dHta away from the damage is zero. 

At the damage f;itei:i the reading::; are non-zero, indicating a non-adiabatic respon::;e. 

In Figure 4.9, a f;imilar comparison plot of til(' ill-phase aml the out-of-phase illlagef; 

captured from the undamaged side of the same plate if; shown. It ap]wars that the 

influence of loading freqllencv 011 the in-phase sigllal is illsigllificant. The in-phasc' sig

nal for various load frequencies is \'irtually the same. 011 the other hand, a change 

of the out-of-pha::;e data at the damage locations i::; very noticeable whell the loading 

frequency increases. The ont-of-phaf;(, sigllal at the damage site increases with the load

ing frequency, but it cloes not change away from the damage. This indicates that the 

non-adiabatic rei:iponse is influenced by the change of loading frequem:y and it call ])(' 

ob::;ervecl readily from the undamaged side of the piate. 

According to the experimental results, the out-of,pha::;l:' signab at the damage of u./t = 
0.75 and alt = 0.50 are nmch greater than that observed from alt = O.2S. The lllcuilllCl 

of both o.lt = 0.75 and alt = 0.50 are virtually the SalllC at the same loading frequency. 

The::;e are 220 at 24 Hz, 180 at 18 Hz. 150 at 12 Hz aml SO at 6 Hz. However, the shape 

of ea.ch plot i::; completely different in that tlll're is a sharp drop in the out-of-phase 

signal betweell the two peaks for alt = 0.75 while only a single peak if; obi:iervec1 at the 

damage of (LIt = 0.50. 

In Figure 4.10, thermoelastic data readings were t.akc~n frolll the front side of specimell 2. 

vVhen the loading frequellcy increa::;C's. tl!lJ ill-pha::;c data is virtually unchanged. which 

illlplie::; that adiabatic conditioIl::; an" lllaintailled. III tC?nllS of the out-of-phase data. 

illcrea::;ing loading freqneney causes a rednctioD of the Y-sigllal at the dalllage locatioll. 

The reduction of the magnitude of the ollt-of-plmse signal at the edge of the holes is 
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easily distinguishable, particularly at the severest damage site. There is no influence 

of increasing loading frequency on the out-of-phase signal at the nominal region. This 

finding is similar to that for specimen 1. 

In Figure 4.11, the data was captured from the back side of the plate. A comparison of 

in-phase and out-of .. pha::le images on the top of the fig"me shows that damage locatiollS 

can be detected clearly only at the ::leverest damage from the in-phase image, but all 

damage location can be seen in the out-of-phase image. There are similar trends in 

the line plots to those for specinlen L i.e. a donble peak of Sy at the severest damage 

and a single peak at those with less severe damage. However, it is noticeable that the 

out-of-phase signal at the damage site of specimen 1 is more localised. 
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4 .4 Analysis of R esults 

In order to study the thermoela.<;tic response in more detail around the dam age over a 

range of frequencies , data point interrogation was carried ou t at the locations shown 

in F igure 4.3. In Figures 4. 12, 4.13, 4.14 and 4.15, the thermoelastic response at t hese 

locations are plotted against loading frequency. These plots show the infl uence of both 

damage extent and loading frequency on the thermoela.<;t ic response a t various points 

around t he damage. 

T he nominal signal (Snom) wa.<; taken from corresponding points on line 2 in the X-image 

as shown in Figure 4.4,4.5,4.6 and 4.7. Snom and Sx are plotted together in F igure 4. 12 

to show t he consequence of the damage on the in-phase thermoelastic mea.<;urement . In 

each of t he plots shown in t he figure, t he value shown is a.n a.verage of the two reading 

posit ions . F igure 4.12 (a) and (b) shows the reading from the damaged side of specimen 

1 and 2 respectively. From these plots , it can be seen tha t Snom and S x is essentially 

constant over t he range of loading frequency for each specimen . In F igure 4.12 (c) t here 

is a clear reduction in thermoelast ic signal over the frequency range. In Figure 4.12 (d ) 

Sx reduces slightly, with the reduction most prominent for the severest dam age. In all 

cases the severest damage gives t he highest signal. This analysis clearly shows th at a 

non-adiabatic response is occurring on the undamaged side of the plates a.<; a consequence 

of the subsurface damage. 
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The Snom value was then used to normalised the results by dividing the signal obtained 

from damage sites by the average value of Snom. These values can be considered as a 

'stress factor'. A plot of the stress factor am! corresponding phase change observed at 

point 1 and 2 is shown in Figure 4.13. It should be noted that the phase information 

is not changed by this operation. Points 1 ane! 2 are on the undamaged face of the 

plate and therefore represent readings that might be taken from a subsurfa.cC' Haw. In 

specimen 1 this point is projected from the intersection of the slot and in specilllen 2 this 

is the edge of the hole at. the maximum stress concent.ration. The data from specimen 1 

is plotted in Figure 4.13 (a) and (b) and that from specilllen 2 is plotted ill Figure 4.13 

(c) and (d). In Figure 4.13 (a) all stress factors from all dalllage severities decrease at 

practically the saIlle rate as the loadillg frequellcy increases. The stress factor of the 

severest damage is always t.he highest. allel that of t.he least damage is always the lowest. 

The most interesting phenolllenoll in the test results can be observed in Figure 4.13 

(b) where the phase angle increases dramatically with !oadillg frequellcy for all dalllage 

severities. 

The stress factor obtained from the undalllaged side of specimen 2 is shown in Figure 4.13 

(c) and shows only a slightly change over the frequency range. Likewise t.he phase angle 

( Figure 4.13 (d)) appears more constant am! does not show the same trend observed in 

specimen 1. 

\iVhen similar information is allalysed at the central position of specimell 1 (i.e. position 

5 of Figure 4.3), the behavionr of the damage (lIt = 0.50 and alt = 0.25 arc llearly the 

same as observed at. position 1 and 2 (sec Figure 4.14 (a) am! (b)) but the stress factor 

at. alt = 0.75 tends to increase with load frequency amI the phase angle for alt = 0.75 

is shifted down by approximately 20 degrees. hut has the same gradient as the plot of 

alt = 0 .. 50. \tVhen alt = 0.25 there is an initial increase in phase angle which thCll 

becomes constant at around 10 degrees. 

Figure 4.15 shows similar plots as shown ill Figure 4.13 hut the thermoelast.ic data was 

observed from the front side instead. As expected, the stress factor (Fignre 4.15 (a)) at 

the edge of t.he severest EDI\I slots is the largest and those of alt = 0.50 is larger t.han 

those of alt = 0.25. The t.rend of the stress factor is relatively uniform over the loading 

frequency range. The same trend is observed in the other specimen as well. In terms 

of the phase angle, the data from all damage sites appears t.o converge to zero degrees 

when the loading frequency increases. 
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4.5 Summary 

In this work it was shown that surface damage can be readily observed in the in-phase 

thermoelast.ic response. The magnit.ude of t.he thermoelastic signal is dependent on the 

damage severit.y. The magnitude and phase of the signal from t.he surface damage does 

not vary, demonstrating that an adiabatic response is obtained when observing s1ll'face 

damage. 

The purpose of the thesis is to determine if ::;ub-smface damage can be evaluated using 

TSA. To this end two t.ypes of sub-::;urface danmge have been studied in thi::; chapter: the 

severe ca::;e of a part-throngh crack-like flaw and a less severe case of a part through flal 

bottomed hole. The thermoelastic respon::;e on the s1ll'face of the plate at the damage 

site (i.e. t.he undamaged side of the fiat plate) was shown to be highly dependent. on 

loading frequency. Close examination of t.he response from each damage type showed 

that. the out-of-phase (Y-image) was more sensitive to the damage than the in-phase 

data. This can be attributed to the fact that the Y-image is a sine-funct.ion of the phase 

angle [59] and in all cases the damage caused a depart.ure from a zero phase angle. 

It. is known that non-adialmtic behaviour causes chunges iu the phase of thennoelastic 

data and it is clear from t.he ,:vork in this chapter that. the magnitncle of t.he phase chauge 

is related to the damage severity. Therefore it. can 1)e concluded t.hat. t.he nOll-adiabatic 

response can be used to determine the severity of sub-snrfacc damage am! the approach 

is worth pursuing. 

The work on the undamaged side of the specimens in this chapter has shown that the 

response from sub-t:mrfacl' crack-like fla\\'s is highly dependent on loading frequency. The 

respOIlse from the flat bottomed holes was less dependent 011 loading freqnellcy. There

fore as the crack-like flaw is the most rrspon::;ivp and probahly the 11I0St represPlltative 

of actual damage, the remainder of the thesis will couce'ntratp on this t.ype of damage. 

It has been indicated in this prC'liminary work that the effect of heat diffusion ill thC' 

neighbourhood of the damage causes localised non-adiabat.ic behaviour. In order to use 

this effect to study the damage spverity it is nece::;SCllT to develop a thermoelastic eqna

tion that includes the effect of therlllal clift'nsion. This is clolle in Chapter 5. Chapter 5 

also shows how the DeltaTherm systeIll respond to the eHect of heat diffusion and how 

this can be included in the staudard TSA eqnation. To solve this equation, a finite ele

ment approach has been developed and is described ill Chapter 6. The preliminary work 

has also indicated that the out-of-phase respC)llse to damage is complex. To nnclerstand 

this further a simpler test specimen ha::; been designee! containing a 'one-dimensiollal' 

damage type. The work 011 this specimpu is described in Chapter 7 and used "LS a basis 

for studies of damage of the type in specimen 1 which is given in Chapter 8 and 9. 



Chapter 5 

Development of non-adiabatic 

theory and its application in 

standard TSA 

5.1 The thermoelastic effect 

A volumetric deformation of any c;ubstance in nature ic; always accompanied by a tem

perature change. A compressive load produces an increase in temperature whereas a 

tenc;ile load produces a decrease in temperature. The phenomenon is cauc;ed by the 

mechanical-thermal conversion of energy knO\vn as the thermoelastic effect. first de

scribed theoretically by Lord Kelvin [60]. 

A hundred years later, Biot [61] applied tlwrlllodYllClmic theory to improve understand

ing of the thermoelastic effect. He carried out a detailed investigation into the irreversible 

thermodynamics of the phenomenoll. The study of the entropy cha.nge as the mater

ial deformed with the applied load lead to development of the classical thermoelastic: 

equation. According to his development, the change in temperature, 6T, caused by the 

volumetric deformation, 6(f11 + 022 + E:3:3), of the material can be obtained from the 

energy balance equation which may be described by the following expression [61]: 

(5.1 ) 

where 
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Q is the amount of heat absorbed by a unit element, 

p is the material density, 

Cf is the specific heat at const.ant. st.r('Lin, 

6.T is the temperature increment. cau::;ed by the therllloelastic effect (6.T = T - To), 

T is the absolute temperature, 

To is the specimell temperature at free ::;tre::;s state, 

E is Young's modulus, 

v is Poisson's ratio. 

a is the coefficient of linear thermal expansion. 

If adiabatic deformation i::; as:;umecL Equatioll 5.1 can be reduced to a linear relationship 

between temperature change and change in the fir::;t. ::;train invariant: 

(5.2) 

Equation 5.2 can be developed to obtain a linear relationship between the temperature 

change, the first stress invariant. 6. ((J'll + (J'22 + (J':l:l) by replacing Cf with thl' s])('cific 

heat at constant pressure, cpo as follows: 

A a To A( 
u.T = ---u. 0'11 + 0'22 + 0':):)) 

pCp 
(5.3) 

Equation 5.3 is the ::;tandard form of the thermoelastic equation used in TSA for isotropic 

homogeneous mat.erials under elastic: and adiabatic deformation. A review of background 

theory and derivations of thermoelastic effect can also be fOllnd in Ref [62]. 

To make Equation 5.3 valid in pra.ctice. i.e. for TSA. t.he specimen is cyclically loaded 

at a certaiu frequency to ensure that. t.he transport of heat caused by a non-uniform 

temperature field is in::;iglliJicant. However, adiabatic: cOllditions lllay not be achieved 

if the temperature gradient is very high or the tlwrIllal C'OIHluctivity of the material IS 

laTge [56], unless very high load freqllcncies are Ilsecl. 

In general, regions of high stress gradients OCClll' in t.he neighbourhood of crack tips 

or other stress raisers. l\Ioreover, most ellgincering structural materials are metab, so 

high thermal cOllductivity is to be cxpected. These sitllatiolls result ill nOll-adiabatic 

thermoelastic conditiolls ,,0. Equat.ion 5.2 or Equatioll 5.3 does not sufficielltly descrihe 

the temperature distrilmtion. The thermoelastic equatioll can be developed further to 

account for the existing heat transfer betwecn volume elelllents by applying the Fourier 

law of heat conduction to the thermoelast.ic equation [61]. 

Acconling to the law of heat condllctioll, the rate of heat absorbed by an element without. 

an internal heat source call be expres::;ed as: 
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(5.4) 

where t is time, k is the thermal conductivity and 

By differentiating Equation 5.1 with re!:ipect to time and combining with Equation 5.4, 

the generalised heat conduction equation for the thermoela!:itic effect without an intemal 

heat source is obtained as follows: 

(5.5) 

It can be seen that Equation 5.5 is in the form of a heat diffusion equation containing 

an effective heat source (!:iecond term on the right hand side) caused by the thermal

mechanical interaction, i.e. the thermoelastic effect. The rate of the heat generation 

depends on the rate of volumetric deformation. Equation 5.5 can be rewritten by re

placing the heat capacity with tllP o;pecific lwat at constant pressure and replacing the 

first o;train invariant with the first stress invariant i.c.: 

(5.6) 

Since, Equation 5.6 is derived from the l'ntropy balance eqnation. it is valid for either 

adiabatic or non-adiabatic conditiolls. In the case of adiabatic conditicllls. as the heat flux 

becomeo; ino;ignificant ( ... kV2T ~ 0). Eqnation 5.6 can he illtegrated over a tillle period 

from the initial !:itate to the final o;tate of deforlllatioll allel hence reel uced to give a linear 

relation!:ihip between!:::.T and the change ill the first stress illvaTiant, !:::. (J11 + J22 + J:n), 

resultillg in Equation 5.3. 

In the case of nOll-adiabatic conditions (kV2T fc 0). heat transfer problem existo;. There

fore. the temperature change caused by the challge of the stres:'> call he obtained by 

solving Equation 5.6. Eqnation 5.6 can be solved Clllalytically for certain problems snch 

as a plate subjected to pure bClldillg vibration [63, 64]. For more complex problems it 

is preferable to use nlllllcrical teclllliqlles to obtain the solutions. 

In summary, the development of the classical thermoelastic equation anel the generalised 

heat conduction equation for therlllodasticity ha;,; beell described. The former C(1ll be 

used to describe the thermoelastic: effcct uncleI' adiabatic conditions. i.e. Equation 5.2 or 

Equation 5.3. On the other hallcl. if the material is nndergoillg llon-adiabatic: conciitions. 

Equation 5.6 111ust be applied. 
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5.2 Principles of IR thermal detecting for TSA 

To apply TSA in practice, a component is generally loaded cyclically at a certain fre

quency so that the heat conduction in the material becomes insignificant. Under this 

loading regime, there exists a very small temperature fluctuation caused by the t.her

moelastic effect which can be df'tf'ctc'cl b,\· a highly sensitive thermal sensor. According 

to a literature review by Rocca and Bever [65]. early measnrements of the thermoelastic 

effect were made by thermocouples or other temperaillrf'-mf'(-1suring systellls which were 

considered as contacting sensors. These techniques could not provide a full-field mea

surement. It. was Belgen [66] who first introduced the IR radiometer for temperat"ure 

related stress measurement to achieve a full field nOll-contacting approach for TSA [1]. 

The fundamental basis of the technique is the fact that all substances with a temperatnre 

above absolute zero will release thermal energy in the form of electromagnetic radiation. 

The hotter the substance is, the the more thermal racliatioll it emits. If an IR detector 

is used to rneasure this thermal radiatic)]j and assulIlecl to behave linearly. i.e. the 

relationship between input thermal radiallce and electrical output is linear. the electrical 

output from the detector can be calihrated to provide the temperature value. Therefore 

the IR detector can be used to quantify surface temperature from t.he emitted thermal 

radiation. 

To correlate the temperature change with the therlllal racliation. it is assllmed that the 

stress-associated temperature oscillation. 6T. is very small comparee! to the reference 

temperature, To (i.e. 6T« To). The relationship between the photon flux striking 

the detector and the temperature of the specimcll surface C:etIl be obtained by divid

ing Planck's law with the energy carried by each photon and integrating between the 

associated operating wavelength of the IR detector. The relatioll call be simplified to 

[67]: 

N,\ = eBTII (5.7) 

where N,\ is the photon flux striking the detector (considered between the operating 

wavelength), e is the surface ernissivit.y, B is a physical constant depending 011 the 

detector, T is t.he surface temperatnre ami'll, is a constant which can be determined 

numerically or experimentally (see Ref. [67]). 

Differentiating Equation 5.7 with respective to temperature gives: 

dN,\ = neBTn - 1 

dT 
(5.8) 

It can be seen from Equation 5.8 that the relationship betwecn the change of the nUlllber 

of photons detected, dNA_ and the temperatnre increment. ciT, is temperature depen

dent. However, by assuming that the lllean temperature of the specimen surface. To, 
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does not change appreciably with time during a standard TSA practice and the temper

ature change due to the thermoelastic effect is very small (6T = dT), the relationship 

between the number of photons and the slllall temperature increment becomes linear, 

and can be written in the form: 

6N;.. = neBT~'-l 6T (5.9) 

Assuming a linear relationship between the signal output or thermoelastic signal, 5, and 

the change of photon flux from the IR radiation, givps: 

5 = Z 6N;.. (5.10) 

where Z is denoted as a detector response factor. 

Substituting Equation 5.9 into Equation 5.10. the relationship between 5 and 6T is 

obtained: 

5 = ZneBT~'-l 6T (5.11) 

Under adiabatic: deformation, 6T from Equation 5.3 can be substit.uted into Equa

tion 5.11. The following relationship of 5 and 6T is obtained: 

( 5.12) 

where 60"[ is the change of the sum of the principal "tress. 6(0"1l + 0"22 + O":l:l) and J{ i" 

the t.hermoelastic constant. J{ = ~. All constant ))arallleters in both bracket" ma" be 
, PC]I .J 

grouped together and denoted as calibration cowitallt. A. ,,0 that a more familiar form 

of thermoelastic: relatioll can be obtained as shown ill Eqllatioll 1.1. 

To demonstrate that the signal response. 5, contains informatioll about the amplitude 

of the thermal response and the phase relative to the stres" change, it is necessary to 

express Equation 5.11 in terms of time-variahle and all example is given helow. 

A uni-axial tensile stress generated by sinusoidal load (see Figure 5.1) can be written 

as: 

(5.13) 

where, O"m is a mean of the sum of the principal stress, 0"1/ is the amplitude of the sum 

of the principal stress, w is the angular velocity (w = 2 n}). f is the loading frequency, 

and t is time. 
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0"1/1 + O"a sin(w t) 

z 

FIGURE 5.1: A beam under uniform sinusoidal loael 

From Equation 5.3, the heat generation rate associated with the stress change can be 

described as [65]: 
. dT d((Jll + (J22 + (J;n) 
q=pcp -

d 
=-o:T() 1 

t ( t 
(5.14) 

where rj is the rate of heat generated by the thermoelastic effect. 

By substituting, (J from Equation 5.13 as the first stress invariant in Equation 5.14, the 

heat generation term becomes: 

(5.15 ) 

The temperature response is the integral of the heat generation rate, therefore the tem

perature change associated with the stress change can be described in terms of a Fourier 

sine series as; 
AT- r.rT; " (. t ) - r.rT;. ,j(wt-7r) 
Ll. - 1\. 0 (J" Sill W - 1'1 - 1\. () (J" e (5,16) 

The normalised relationship hetween excitatioll stress (Equation 5.13), heat generation 

rate (Equation 5.15) and temperature response (Equation 5.16) uncler adiabatic COlI

ditions is showll in Figure 5.2, The figure shmvs that under adiabatic condition::; the 

temperature response is always lagging the stress excitatioll by 1'1 radians which corre

sponds with the negative sign in the stalldard thermoelastic equation (Equation 5.3). 

To express relationship of the signal output as a function of time, Equation 5.16 IS 

substituted into Equatioll 5.11 to give: 

(5.17) 

In general practice, the thermoela::;tic data is collected for a period of time and the 

signal corresponding to the magnitude of the stress change is then averaged to obtain 

the thermoelastic signal output as tIl(' mean valut'. Therefore. Equation 5.17 can also 

be rewritten in a ::;irnpler form of the thermoelastic equation as Equatioll 1.1. 
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FIGURE 5.2: Stress, heat generation rate and temperature relationship in t.hcrlllOclcl.~
tic pH·eet. HIlder adiabatic (·omlit.iolls [3G] 

Under non-adiabatic conditions, the temperat.ure response must be obtained from the 

energy balance equation i.e. Equation 5.1 which can be rewritten in the form: 

Q = pCp 6.T + Q To 6.u [ 

By rearranging, Equation 5.18 becomes: 

6.T = -[(To 6.uI +!L 
(J cp 

(5.18) 

(5.19) 

The first. term on the right hand sidr. rC'prC'sents the thC'rmodastic temperature change 

and the second term may be considered as an 'added temperature' contributed from the 

conduction of heat. The adcled temperature can be positive or negative depending 011 

the direction of heat. transfer during the load cycle. 

By substituting 6.T from EquatioIl 5.19 into Eqllation 5.11, the relationship between 

the measured stress and the signal output under non-adiabatic conditions is obtained as 

follows: 

(5.20) 

A 
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It can be seen that t.he st.andard equat.ion for TSA (Equation 1.1) can not be used t.o 

quantify the sum of the principal stresses from the thermoelastic signal accurat.ely. This 

is because the transportation heat biases the instantaneous temperature change. 

Similar t.o the derivation of S as a fUIlction of time uncler adiabat.ic conditions. the 

temperature response under non-adialmtic cOllCiitions must. be obtained to substitute 

into Equation 5.11. Since t.he generalised heat conci llCtiOIl equation is in t.he form of H 

non-homogeneous partial differential equation. allalytical solutions become laoorious to 

derive, particularly for a non-uniform stress field. Howf'vC'I', for a simple case such as a 

cantilever beam under bending, the solution of Equat.ion 5.6 can be obtained analytically. 

Figure 5.3 shows a simple cantilever beam subjected to a sinusoidal force. F. applied 

at the edge of the beam of thickness 21. Desiderati and Salerno [68] provide a solutioll 

for the temperature variation in the y-ciirection, i.e. the temperat.ure across t.he cross 

section, at distance Zl is as follows: 

where 

T( ) C --"IJ C --'If '-' 0 () ~1 Jwt 
[ 

(l+j) -(l+J) n'Tr Fr 7 'Y] . 
y, t = Ie ' '+2 e -, . - e 

pCp J 

C 1 = - C 2 = . ..,---'--..,-[ (\'. To . Fo . Zl I] 
2pcp ' J. cosh(e) (1 +.j) . 

e=L.(l+ j
), 

JI 

~
k 

1=' --- = thermal diffusion length, 
prp' w 

L = beam half thickness, and 

J = Nloment of inertia of the beam cross section. 

z 

FIGURE 5.:3: Cant'ilcver beam subjected to a sirlllsoidal load [68] 

(5.21) 



5.3 Summary 79 

From Equat.ion 5.21, the temperature re~pon~e at the ~urface of the beam, i.e. at. y = 

L, becomes: 

T(L ) -[c _(l_+_jl'L C _-_(I_+J_I.L O'ToFOZIL]_iwt ,t - '1 e'" + '2 e'" - ----- to 
pCp J 

(5,22) 

By substituting Equation 5.21 into Equation 5.11 as 6T, the thermoelastic signal 01ltPllt 

in this case can be expressed as follows: 

S - Z ,B 'T'TI-l C --'" c -~-'-' J.{ r{ '" ]wt 
[ 

(1+JI L -(l+!l L (\' 'T'lJ DO -1 L] , 
- n e J. 0 Ie" + '2 e' - e 

pCp J 
(5,23) 

It can be seen from Equation 5.23 that under non-adiabatic condition~, t.he magnitude 

and phase of the thermoelastic signal output at a point i~ affected by the thermal dif

fusion length, which i~ the function of loading frequency and material propertie~, By 

changing the loading frequency, a different thermoela~tic response is obtained. This in

dicate~ non-adiabatic behaviour in the t.hennoela~tic response can be monitored by the 

~ignal re~ponse from a st.andard TSA system, 

5.3 Summary 

It has been shown that non-adiabat.ic hehaviour can be described by the generalised heat 

conduction equation developed above, Derivations of t.he signal response from a generic 

TSA ~ystem have been presented and ~hown that a non-adiabatic thermoelastic re~pon~e 

can be monitored by a standard TSA fiystem, This under~tanding is e~~ential for de

veloping an approach to detect and assess the sub-surface damage in which localised 

non-adiabatic b~haviour is significant. In th~ following chapter, an FE simulation pro

cedure is developed ba~ed on the generali~ed heat conduction equation~. Therefore, the 

two full-field approache~ can be compared and validated, 



Chapter 6 

Numerical simulation of the 

thermoelastic effect 

6 .1 Introduction 

In the feasibility study in Chapter 4 it was shown that it is possible to assess sub-surface 

damage using TSA. This work also demonstrated the complex nature of the response 

and the requirement for a detailed knowledge of the underlying theory to interpret the 

data. 

It is shown m Chapter 5 that the goveming eqnation of generalised heat couduction 

equation for thermoelastic effect is ill the form of a non-homogeneous partial differelltial 

equation (PDE), i.e. 

(6.1 ) 

To solve this equation for general cases it is necessary to usC' a numerical approa.ch. In 

this chapter, a finite element (FE) approach, capable of solving problems governed by 

PDEs in various complex domains, is developed for the thermoelastic problem. The FE 

analysis was performed using a commercial FE package, ANSYS. The software has many 

FE ana.lysis capabilities ranging from a simple linear analysis to a complex tnlllsient 

non-linear ana.lysis. There are a large number of element types iu the software library. 

however a standard element suitable for the thermoelastic problem that governs this 

work does not exist. Therefore a procedure to perform thermoelast.ic simulation by 

adapting the standard facilities in ANSYS is described in t.his chapter. The sirnnla.t.ion 

procedure is validated by comparillg the resnlts with ot.her published work as well as 

with experimental elata. 

80 
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6.2 Simulation procedure 

To deal with the coupled problem of the thermoelastic effect, the FE analysis is sepa

rated into two steps. Firstly. standard FE struct.ural stress analysis was performed to 

det.ermine the sum of the principal stresses resulting from the applied load range, using 

linear elements. Then, the heat generation rate is calculated from the results of this 

model and applied to a thermal harmonic model. A schematic representation of this 

procedure is presented in Figure 6.1. 

In the structural stress analysis, the simulation process starts with geometricallllodelling 

and discretization. At this stage the lllodel is constructed lllllnerically, then the solution 

domain is discretized into elements and nodes. A static analysis is carried out based 

on the loads, boundary conditions and mechanical material properties defined for the 

problem. The next step is to process the solutions so that the sum of the principal 

stresses is calculated at each node in the model. Now. the thermal harmonic analysis 

can be carried out using an ident.ical lllodel to that in the structural analysis. The heat. 

generation rate is calculated at each node and loading frequency using the following 

relationship (see Section 5.2): 

(6.2) 

It is important that the FE mesh is the same so that all loading dat.a from t.he individual 

nodes can be transferred into the thermal analysis routine. The post. processing of the 

thermal analysis extracts the magnitude and phase of the thermoelastic response at 

each node in the model. After finishing this st.ep the results are writ.ten into a data 

base file. Theil. the next loop is started i.e. the thermal luad corresponding to the next 

load frequency is defined and used as a llew set of thermal loads and another solution is 

obtained. Therefore, the number of loops for thermal analysis depends on the nllInber uf 

loading frequencies required. Essentially at each frequency the FE simulation is solving 

for the stress t.erms and integrating over the time equivalent for t.he period of the cycle. 

Therefore t.he output gives a 6T value for a given frequency to include t.he 'Q' terrn in 

Equation 5.19. 
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FIG URE 6.1 : Flow chart of thermoelastic effect simulation 
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6.3 Validation of the simulation procedures 

In order to validate the simulat ion procedure, the nUlllerical solutions fr011l the current. 

model is compared with that from other published work and with experimental results. 

Firstly, a comparison is made with the FE model used in Ref [38] . A simp le "hole in a 

plate" model (see Figure 6.2) which is identical to that in Ref [38] was used. A PLANE42. 

a 2-D 4 node solid element , was used to create the structural model. A quarter of the 

specimen was modelled (see Figure 6.2 ) as in Ref [38] and material properties are the 

same as those used in Ref [38] (see Table 6.1 ) . The model was subj ected to a stress 

range (60") of 25 MPa as mied in Ref [38]. 

'¢ 

- I r-j i\~ 
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§ 
L. 

A - A~ 
1-

A~ J 00 

EN LA CEO VIEW 

o · -$J- reg ion o f FE mode l 

FINITE ELEMENT MOD EL 

~------------ 15mm --------------~ 

FIGURE 6.2 : Geometr ies of t he ~ample spec illlen and FE model 

As illustrated in Figure 6.1 , til(' fir:;t. part of 1.ll(' :;imula tion process c\f'als wit h the 

construction of model geometries, discritization of the model as well as cldillillg the 

material properties. Although ANSYS provides all adaptive meshing tool necessary for 

handling any complex geollletry. a "mapped meshing" or "stfllctured mesh" strategy 

is preferable in this situation. This is because the structured mesh technique a llows 

complete control of mesh transition and mesh density. Therefore a finer mes h can be 

used in the region of expected high stress grad ient , e.g. close to the hole, providing an 

im proved quality model. 
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TABLE 6.1: I\Iaterial properties of steclllsing in the FE simulation 
Material Properties of steel Value Unit 
Young's modulus, E 210 GPa 
Poisson's ratio, /J 0.3 -

Specific heat at constant pressure, cp 460 J kg-1K- 1 

Thermal conductivity, k 50 'vV m-1K- 1 

Density, p 7860 kg m- 3 

Coefficient of linear thermal expansion, ct 12E-6 1(-1 

Reference temperature, To 293 K 

The next step is to apply the load and boundary conditions to the model and obtain 

the solution. The boundary conditions at the edges A-B and C-D are set as fixed in one 

direction and free in the other as shown in Figure 6.3. A pressure load of 25 J\IPa is 

applied on the edge D-E of the solid model. 

y 

+ 
I 

:8 E 

A P = 25 MPa 
04 

FIGURE 6.3: BOllndar~' conditiolls and applied load OIl the model geometries 

The final stage of structural analysis is obtaining the noelal results. The principal stress 

data is extracteel from a eld'alllt cIata b8SP fil" genprat."d by ANSYS. Then the heat 

generation rate at each noele and frequency is calclliated for the thermal analysis. 

In the thermal analysis. the cOl1strnction of the lllodd geometry and the discritizatioll 

procedure is carried out ill the sallle rrWllller as structmal modelling. The eiemellt type 

used in the thermal modellillg was a PLANE55. 2-D 4-node thermal element. Since the 

effect of convection and heat conduction through the paint are llcglectecl in this mocIeL 

adiabatic boundary conditions were applied to the model. Then the thermal analysis 

is performed as described ill Section 6.2. An example of the simulatecl thermoelastic: 

response is shown ill Fignre 6.4. giving contour plots of both 6T ane! phase at a loadillg 

frequellcy of 10 Hz. 

A comparison of the contour plot of 6T at 1. 20 aJl(1 WOO Hz from the current work anel 

Ref [38] is givell ill Fignre 6.5: there is excellent agreelllt'llt. It should Le lloted that the 

amplitude of the thermoelastic respOllse plot from this sinmlatioll is the ahsolute vallle. 

which is equivalent to the R sigllal frolll the DT systelll. Therefore. the 6T vallles ill tile 
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compression stress zones remain positive. To validate the resul ts, the solutions obtained 

from various loading frequencies along the path A-B (see F igure 6.3) are compared in 

terms of both 6T and phase data and shown in F igure 6.6. T he curves show a very 

good correspondence with the results reported in Ref [38], hence validating the modelling 

approach against the literature and indicating it is correct . 

. 001334 . 024501 . 047667 . 070833 .094 
. 012917 .036084 . 05925 . 082417 

- 90 -45 o 45 90 
- 67. 5 -22.5 22.5 67.5 

FIGURE 6.4: Contour plots from the FE simulation at a loading frequency of 10 Hz 
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To emphasize the validity of the simulation procedure. the model was used to predict 

6.T and compared with TSA measurements from the DeltaTherm system. The specimell 

used in the experiment was a steel bar of 6 mm thiclc 40 mm width and 300 IllIll 

length. The specimen was machined with a central hole of 12 mm diameter as showll ill 

Figure 6.7. Prior to the experiment, the surface of the specimen was coated with a thin 

layer of matt black paint to enhance the surface emissivity. It is essential that the paint. 

coating should be thin ami even so t.hat the stnely of IlOll-adia batic behaviour is llOt 

affected by the paint thicklless [56]. During the experiment. a tensile load of 9 ± 8 kN 

was applied using a servo hyclranlic testing lllachine. The thermoelastic response was 

then taken at the following loading frequencies: 1. 2. 5, 10 alld 20 Hz. A calibration 

factor was determined so that the sum of the principal stresses was used to obt.ain 6.T 

in Equation 5.3. 

To obtain 6.T from the DeltaTherm system, R-signal was used because the R-signal is 

independent of the phase setting. Therefore, it can be related directly to the absolute 

temperature change on the specimen snrface. 

R6 

--------------

I I r I 
'- -' 

300 

unit in mm 

FIGURE G.7: Dimensions of the specimen 

The calibration factor, A, (see Equation 1.1) was determilled using the following rela

tionship [53]: 

(6.3) 

where 6.a app is the knowll applied ::;tres::; range, i.e. 66.67 IvIPa and Snom i::; the ther

moelastic ::;ignal taken in the region of a uniform ::;tre::;s froIll the experiment with the 

loading frequency of 20 Hz, i.e. 3800 D, Dncalibrateel ::;ignal unit. From this, A wa::; 

determined as 0.01754 MPa/Dnc:alibratcd signal unit. 

The FE simulation was carried out llsillg the sallle material properties given in Table 6.1. 

The procedure of the ::;irnulatic))) is exactly the same as c!e::;cribecl in the previous ::;illl

ulatioll except that the dilllen::;ions of the specimells anel applied load were changed to 

correspond with the test specilllen awl the experiment. 
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The distribution of 6.T and phase data at 1 and 20 Hz frolll both techniques are shown ill 

Figure 6.8. It can be seen that the agreement between the two techniques is very good. 

It is important to note that the phase data between the numerical result and TSA is 

offset by 90 degrees. This is because the reference datum of both t.echniques is different 

and offset to each other by 90 degrees. In the DeltaTherm system, the load signal from 

the testing machine load cell is used as H reference datmn. In llumerical sim1l1ation, the 

heat source (see Figure 5.2) ic; cOllsidered as a referellce datum. As a consequence, the 

phase offset of 90 degrees is expect.ed bet.weell the two tcclllliques. This can be observed 

easily in the uniform stress region where zero degree phase data is measured from the 

TSA but -90 degree is predicted by the FEA. 

To compare the results of both techniques in det.aiL 6.T aml the corresponding phase 

response along the path A Bane! C D for all load frequcncics are plotted and shown in 

Figure 6.9 and Figure 6.10 respectively. For comparison purposes, phase data from the 

numerical results was offset 90 degree in this plot. It call be seen that both 6.T and the 

phase data from FEA agree very well with those from TSA. Quantitatively, there is a 

small discrepancy of the 6.T values between two techniques at the edge of the hole. This 

may be a contribution frolll a small amount of lllotion of the specimen. In terms of phase 

signal, it is evident that, phase data from TSA is rather noisy and a slight plw.':ie shift 

is observed for the 20 Hz curve in Figure 6.9, l\Ioreover. the largest discrepancy in the 

phase data is observed at 1 and 2 Hz. Likewise, in Figure 6.10, the largest discrepancy 

between FEA and TSA is observed at 1 and 2 Hz. Nevertheless, the trend of each cnrvc 

in the phase plot corresponds well with the FEA, i.e. the largest phase shift is observed 

at the edge of the hole at the lowest loading frequency and the smallest phase shift is 

observed at the highest loading frequency. 
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According to the above comparisons with other published work as well as the experiment, 

it can be concluded that the simulation procedure is valid to predict thermoelastic 

response in a component. III the following section, the simulation technique is useci to 

examine the influence of material properties, loading frequency and stress gradient on 

the non-adiabatic behaviour in order to justify the potential of the proposed approach. 

6.4 Parameters that influence non-adiabatic behaviour 

A parametric study was carried out using 1l11111Crical simulations to examine parameters 

that influence non-adiabatic behaviour. i.e. material properties, loading freqllenc)' anel 

stress gradient. Three materials are chosen in this numerical analysis i.e. an almninillIn 

alloy, mild steel and Pl\IMA. The generic lllaterial properties are given in Table 6.2 

[55,69]. 

TABLE 6.2: l\[at.crial propcrtic:o used ill the ll1um'rical sillllllatiom; 

I Materials I Al allov 6082 I Milcl steel I PMMA I 
Modulus of elasticity (CPa) 70 207 2.4 
Poisson's ratio 0.:3:3 0.29 0.35 
Density (kg·m-3 ) 2700 7860 1190 
Coef. of linear thennal expansion (x10-(j) 24 12.4 70 
Heat capacity(J·kg- 1 . K- 1 ) 896 460 1400 
Thermal cOllductivity (W·m- 1 . 1(-1) 180 50 n.17 

The model used in this cmalysis is shown in Figure 6.7, parametric siullliatiolls were 

carried out by changing the material properties. Loading frcquellcies of 1, 2, 5. lO, 

20, 30 and lOOO Hz were used. The loading freqllency of lOOO Hz was used to prwlict 

the thermoelastic response for adiabatic conditiolls. The stress range applied to the 

aluminimn and steel model ,vas 66.67 l\IPa and 6.67 l\IPa for the Pl\Il\fA lllociei. Conto1\l" 

plots of /:::,.T and phase data at 1 Hz cllld 30 Hz for each lllodd are given in Figmc 6.11. 

As expected, among these models. the mClxillllllll attell1mtioll of /:::,.T occmrtxl OIl the 

aluminium model ami no attenuation of 6.T is ohserved in PMMA. The attellllation is 

also observed in the steel model, pmtic1l1arly at the edge of the hole. In order to set' 

the trend of the non-acliabatic behaviour in the thermoelastic response, the solutions 

along path A -Band C-D for all the loading frt'f]uencieCi and for each material are given 

in Figure 6.12 and Figure 6.13 respectively. 

In Figure 6.12. line data is plotted across the steepest. stress gradient close to the edge of 

the hole, which then reduces along up to the edge of the plate. It can be seen that, at the' 

relatiyely low stress graciiellt (llliddle ;oone of the curves), t 1)(' attenuation of /:::"T is not 

significant. The attenuation is increased as the eclgp of the hole is approached for all load 

frequencies. This confirm;; that the larger the stress gradient, the lllore llon-adiabatic 

the hehcwiour. 
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In t erms of the effect material propert ies, t he alum inium model shows largest attenuat ion 

of /:::"T while less attenuation occurs in the steel model and there is no attenuation on the 

PMMA model. This confirms that specimens made from materials with higher thermal 

diffusivity/ conductivity are more prone to non-adiab at ic behaviour. In view of the use 

of non-adiabatic behaviour for sub-surface damage evaluation , t he higher the thermal 
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diffus ivity of t he material, t he greater t he ability to detect sm al l level of damage. With 

a low thermal diffusivity material such as PMMA, t he approach of using non-adiabat ic 

behaviour may not be applicable because the material exhibits adiabatic behaviour even 

at low loading frequencies . 

In F igure 6. 13, similar behaviour is observed , I. e. greatest attenuation of 6.T occurs in 

the aluminium model at the lowest loading frequency (1 Hz). T his attenuation decreases 

when loading frequency is increased . At t he same loading frequency, non-adiabatic 

behaviour reduces in materials wit h smaller t hermal diffusivity. 
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Ba..'ied on the parametric study carried out in this section , it can be observed that : 

96 

• The attenuation of 6 T occurs at the largest stress gradient location in a m ateria l. 

• The most severe attenuation occurs in the most conductive material at the same 

stress gradient and loading frequency. 

• The attenuation is caused by heat conduction to t he surrounding material and can 

also be observed by the corresponding phase response. 
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• For the same material, the lower the stress gradient, the lower the loading frequency 

is to achieve adiabatic behaviour. 

• Adiabatic conditions can be achieved at a very low loading frequency if the con

ductivity of the material is very low. 

• Loading frequency and stress gradient are the important parameters when consid

ering non-adiabatic behaviour in a material. 

6.5 Conclusions 

In this chapter. a procedure to simulate t.he thermoelast.ic effect using ANSYS has beell 

developed. The simulation procedure was validat.ed by comparing the silllulation results 

with result.s from the lit.erature anel experimentally using t.he DeltaTherm system. The 

simulation proceelure can be applied to any FE model to study the thermoelastic re

sponse. A parametric study of thermoelastic effect 011 aluminium, steel and Pl'vHvIA has 

been carried out. It has been shown that non-adiabatic behaviour can be influenced by 

various parameters. By applying the sinmlatioll procedure. the therllloelastic response 

can be predicted provided that material properties. loading frequencies, boullClary con

clitions and detailed dimensions are available. 

In the following chapters. the approach developed in this chapter will be used to simulate 

the thermoelastic response from complex specimens. It will be used as a basis to better 

understand the response from these specimens and enable a wider range of loading 

frequencies to be studied as there are no restricticms associated with the testing lllachines. 



Chapter 7 

Studies on idealised damage 

7.1 Introduction 

The preliminary work described in Chapter 4 has demonstrated that it is feasible to 

assess sub-surface damage using the thermoelastic response. It has been shown that 

non-adiabatic behaviour causes changes in the phase of the data and that the ollt-of

phase response can reveal sub-surface damage. However, the work in Chapter 4 haH 

demonstrated that the thermoelastic response from defects that are representative of 

actual damage is very complex. In order to lInderstand the nature of the thermoelastic 

response from sub-surface damage it is necessary to assess a simpler clef(~ct geometry. 

The objective of this chapter is to pxamine in detail the rl'sponse from the neighhonrhouc\ 

of idealised damage to demonstrate that Uti::; can be lI::;e([ to aSHess the damage ::;everity 

in terms of the sub-surface streH::;. 

In this chapter, TSA is uHed to examine the thermoelastic response from sllb-surface 

machined notches in simple bar specimens. In Chapter 6. it has been shown that the 

thermoelastic response is influenced I)y the stresH clistrilmt.ions, loading freCjllenc~r and 

material properties. Therefore, the pxperilll(,lltal work described ill this chapter was 

designed to examine the effect of specimen material and loacling frequellcy on HpecilllC'llS 

with identical stres::; distributiolls. The FE modelling approach developed ill the previous 

chapter is validated on the notches by comparillg the reHultH with thoHe from the TSA. 

A means of identifying the contrilmtion to the Hurface thermoelastic response from the 

sub-surface is developed. This is 1lsed to indicate the st.reHS level at the llotch and hence 

provide all insight into the damage severity. 

98 
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7.2 Experimental work 

7.2.1 Test specimens 

As in the numerical study in the previous chapter three types of ma terials were cho

sen based on their thermal properties : alurninium alloy, mild steel and poly methyl 

methacrylate (PMlVIA) , i. e. one with a high thermal conductivity, one with a smaller 

thermal conductivity and one with a practically zero thermal conductivity. Three spec

imens were manufactured from each material with different. cl amage severi t ies so that a 

parametric study of the efi'ec t of damage could be carried out. 

To reduce the complexity of the stresses and allow simple two dimensional-numerical 

simulations, each specimen was of a uniform rectangular cross-section as shown in Fig

ure 7.1. A crack-like notch was made in the met al specimens by electro-discharge wire 

erosion machining (EDM) to give a through notch at the centre of the specimen with 

a fi.nit.e notch radius of 0.175 mm. For the PM1VIA specimell the llotch wa;; lllachined 

using an end mill to give a notch radius of 0.750 mm. Although each specimen has a 

through crack-like flaw , this flaw can be considered as a part-through sub-surfa.ce defect 

if observed from the surface normal to the plane that conta ins the defect, i. e. plane 

x-y shown in Figure 7.1. Similar to Chapter 4, the damage severity is defin ed by a di

mensionless parameter alt (damage length to specimen thickness ratio) . Three damage 

severities were obtained by machining no tches to different depths in the three specimens 

of the same material. Details of the specimen dimensions are given Table 7.1, with the 

material properties for each specimen provided in Table 7.2. 

2t = 20 20 

notch 
ALL DIMENSIONS IN mm 

DETAIL 

FIG U HE 7.1: Specimen dimensions 
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TABLE 7.1: Specimcn dimensions 
I Materials 

" 
Al allov 6082 I 1Iild steel P111IA 

Severity Index, aft 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 
Defect length, a [mm] 5 10 15 5 10 15 5 Hl 15 
Thickness, t [mm] 20 20 20 20 20 20 20 20 20 

Notch radius [rnm] 0.175 0.175 0.175 0.175 0.175 0.175 0.75 0.75 0.75 

TABLE 7.2: "'Iatcrial propC'rtics 

I Materials I Al alloy 6082 I Mild steel I PM1IA I .-

Modulus of elasticity (GPa) 70 207 2.4 
Poisson's ratio 0.33 0.29 0.35 
Density (kg·m-J ) 2700 7860 1190 
Coef. of linear thermal expansion (x 10-°) 2~1 12.4 70 
Heat capacity(J·kg-1 .1\.-1) 896 460 1400 
Thermal conductivity (\V·m- I . K- 1) 180 50 0.17 

7.2.2 Experimental arrangement 

The undamaged surface (~'-z plane in Figure 7.1) of each specimen was coat eel with a thin 

layer of Illatt black paint to enhance the surface emissivity. The specimen was assemhled 

into the end jigs shown in Figure 7.2. This arrangement allows the test specimell to move 

freely and hence eliminates any possible hending that Illay be caused by misaliglllllellt 

of the jaws of the testing machine. The specimens were loaded in uniaxial tensioll with 

the applied load ranges givell in Table 7.3. These applied load ranges were selected 

during testing as the minimum loaci req\lired to (-,llsme that signal noise was mailltaillcd 

at le:)s than 10% of the overall signal. Tilt, intention was to keep the load as slllall cIS 

possible to minimise plastic deformation at the llotch. The extcllt of the plastic rt'gion 

was estimat.ed using a simple SIF approach by taking the nHLxinlllln stress ill the cycle 

amI assuming a sharp notch: this is gin'n as a percentage of the ligamellt length, i.e. 

(t - oj in Table 7.3. It can be seen that the largest plastic zone occurs in the steel 

specimen with the largest notch, but evell in this case it is only 1% of the ligament 

length. 

The DeltaThenn 1400 was used in this experimellt. The detector was positioned as 

shown in Figure 7.3, so that the tlwrmociastic sigllal from all undamaged face (i.e. the 

x-y plane (see Figure 7.1)) at a remote regioll (away from the damage site) and at the 

dama.ge site could be captnred simnltanec)llsly. This resnlts in the TSA image having 

resolution of approximatel:v 0.4 mm per pixel. For each specimen thermoelast.ic data 

was recorded at the following frequencies: 2. 3. 5, 10. 20. 30 amI 40 Hz. 

The 6.T value'S associated with the SUIll of the prillcipal st.ress away froIll the notch arc 

calculated using Equation 5.3 with t.he material properties given in Table 7.2 allCl are 

also given in Table 7.3: these will he \lsee! tu llorlllalise t.he FEA results (see Section 7.3). 



TABLE 7.3: Applied loads and calculat.ed telllperature challge for each specimen 

I Materials aft !l\lax load (kN) ! Min load (kN) r D.a(MPa) ! D.T (K)U! Plastic: zone size (% of ligament) ! 
.- --

0.25 7 1 20 0.058 0.03 
Al alloy 0.50 7 1 20 0.058 0.10 
(6082) 0.75 7 1 20 0.058 0.54 

0.25 11.5 0 .. 5 36.7 0.037 0.11 
Mild steel 0.50 11.5 0.5 36.7 0.037 0.44 

0.75 7.5 0.5 23.3 0.023 0.99 

0.25 0.7 0.1 2 0.025 0.01 
PMl\lA 0.50 0.7 0.1 2 0.025 0.02 

0.75 0.5 0.1 1.3 0.016 0.05 
-- -_. 
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specimen 

FIGURE 7.2: The specimen and loading jigs 
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FIGURE 7.3: Detector viewing arrangement 
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7.2.3 Results and discussions 

T he results are presented in the form of signal magnitude, i.e. the R-signal data from the 

Delt aTherm system. This is because t he R-data is not affected by the phase setting and 

is therefore equivalent to the absolute temperature change (see Equation 5. 19). As the 

R-data is indep endent of the phase setting, any changes in the R-signal can be attributed 

directly to non-adiabatic behaviour. T he drawback of presenting data this way is that 

negat ive stresses cannot be ident ified. Furt hermore as t he R-signal is directly related 

to the absolute temp erature change it can be compared direct ly wit h the !:::..T values 

obtained from the FEA. Examples of R-image and phase data are shown in F igure 7. 4 

for the aluminium alloy sp ecimen , Figure 7.5 for the steel specimen and F igure 7.6 for 

the P MMA specimen with alt = 0.50 at 2 or 3 and 40 Hz (readings at 2 Hz could not 

be obtained for the P 1VIMA). 

40Hz 
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.... .. .. .. '----:::-:58""'13" ~ ; •• . ... 

5438 . ~,{ , 

563 
188 

AJD 

:.: . ~ :'\.: >~:: " 
-. 

.... .. .. .. ~::::::: . . .... .. .. ~::::::: 
581 3 
5438 

563 
188 

AID 

FIGURE 7. 4 : Aluminium alloy ~pecimen (a/t = 0.50) 
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FIGURE 7.5: Steel specimen (a/t = 0.50) 
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In the R-image for the aluminium alloy (Figure 7.4), it is very clec1l" that the response at 

2 Hz is very different to that at 40 Hz. At 2 Hz there is an increase in signal magnitllcie 

local to the damage site and at 40 Hz there is a decrease. In contrast the R-images 

for the Pl'vIl'vIA are practically identical at 3 Hz and 40 Hz, both showing a decrease in 

signal magnitude locate to the damage site. In the phase images for the prvnvIA, there 

is no localised phase shift at the darn age site. however. there is an indication of ph<1:;e 

shift gradually across the specilllen. For the steel specilllen. there is a silllilar tremj ill 

the R-image between 2 Hz ami 40 Hz to that of the Pl\Il\IA specimen. However. there 

is a much greater difference in siglwl magnitude ,Hound the damage region betweell 2 

and 40 Hz. 

As each material gives a different response (i.e. has a different thermoelastic constallt) 

ane! the' applied stresse's we're e!ifFere'llt. for comparison pllrposes, the magnitllde of the 

thermoelastic response must be normalised agaillst the response away from the damaged 

region and plotted as stress factors in an identicalmClllller to that described ill Chapter 4. 

However. the phase of the signal is not affected by applie'c1 load rallge (ill the clastic 

region): therefore phase data call be COlll pared directly from specilllell to spccillle11. 

To compare the thermoelastic data from each te:-;t. an illtelTogation li11e alollg t.he centre 

line of x-y plane from a position coincident \vit.h the llotch tip to a cli:-;tance 20 mIll a\vay 

from notch tip was defined, Wi showl! in Figure 7.3. The stre:-;s factor ami phase data 

along the interrogated line for 2, 10. 20 awl 40 Hz for al1lminiuIll, steel amI for 5, 10, 20 

and 40 Hz for PMrvIA are plott.ee.! and showll ill Figure 7.7, Figure 7.8 and Figure 7.9 

respectively. The reason for llsillg 5 Hz ill:-;tcad of 2 Hz for the lowest loading freqllcllC'Y 

in Pl\IMA specimen:-; for this experimcut. is that t.he 5 Hz is the lowest. loadillg frequellcy 

that the DeltaTherrn sy:-;tem c01lld be used to lllC'HS1lrc' the thermoelastic sigllal frolll 

the Pl\IMA specimen with alt = 0.70. It is importallt to 110te that. ill all adialmt.ic 

:-;ituation the t.emperature challge wOllld be ISO degrees (J1lt of the phase with t.he stress 

change (see Equation 5.16). For prc:-;cntatioll purpose:-; the 180 degree phase lag has 

been omitted in Figure 7.7, 7.8 and 7.9 and hence the negat.ive phase change i:-; :-;hown 

in the phase data. For all mat.erials the shallowest llotch, i.e. olt = 0.25, gives t.hl' 

smallest variation in stress factor and phase. vVith the deeper notches the :-;tre:-;s fact.or 

increases and the phase changes are l1lore pronOllllcccl particularly over the range 2 20 

Hz. This is except for the phase response from the PMMA :-;pecirnens in which all the 

phase changes are relatively small. 
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From all the plots for the PIvIl\IA (Figure 7.9), the thermoelastic response shows that 

the material behaves in an adiabatic mamH:'l' at a relatively low loading freqllency. The 

trend of the stress distribution for each PMl\IA specimen shows that the signal response 

is frequency independent. As the dimensions of the specimens and the through notch 

are very similar, therefore under adiabatic cOllliitions, the trend of the stress distribntion 

from all specimens is expected to be similm to that of the Pl\Il\IA specimens. Althollgh 

adiabatic behaviour is exhibited from the stress factor plots in Figlll'e 7.9. there are 

variation in the phase data. which does not conclll' with the implied adialmtic condi

tions. An inspection of the plots shows that the a gradient across the 20 mm lell,l!;th 

is particularly pronounced at 5 Hz for (lIt = 0.25 amI for all specimens in the clO Hz 

plot. After consultation ~with the equipmc-'nt lllalmfactmers it was determined that this 

variation in phase could be attributed to lille by line data collection amI the samplillg 

rate of the detector and llOt nOll-adialmtiC' bchaviulll'. 

It can he seen that, on the metal specimens. particlllarly at relatively low load freqllen

cies, the curves change shape at each freqnC'llcy setting. To provide a clearer inter

pretation of the data Tables 7.4. 7.5 amI 7.6 ]HO\'idc \'<1lucs uf ma .. xinmm stress factor 

value and its location relative to the centre of the llotch for eHch alt. Startillg with the 

Pl\Il\IA specimells it can be seen that the stress factors me relativdy constant across the 

frequency range giving averages of 1.16 for alt = 0.25. 1.78 for alt = 0.5 amI :3.58 for 

alt = 0.75. There is a variation \vhen ([It = 0.75 but this cOllld be attribllted tu si,l!;lwl 

processing difficulti(~s (sec abow) rather than llon-adiabatiC' bchaviolll'. The position of 

the maximum signal is also C'Ollstallt. at G.O. !J.5 and ,to llllll frolll the notch tip for alt 

= 0.25, 0.5 and 0.75 respectively. Accepting tJwt tlie Ilotch in the PMl\IA is sli,l!;htly 

dif-Ferent from the notches in the sled and the allllllillilll11, tll(' vallles for the maxillllllll 

stress factor and the maximum sigllal position obtained for the Pl\IJ\IA can 1lt' lIsed as 

the 'adiabatic values' for each geollletr~r. For the (fIt ratio of 0.25 there is little difi'erence 

in the value of the maxilllUlll stress factor across tht' frC(jlWllCY range ill the almniniulll 

alloy specimens. It is clear frolll the position of the UlaXimlllll stress factor adialmtic 

conclitiolls are achieved at 10 Hz and ahow. FOl' the steel Sp(~cilllen when olt = O.2S it 

appears adiabatic conciitiuns me achieved at all fn'qm'ncies. The phase angle readillg 

given in Table 7.7 indicates that the \'Ctriatioll of phase date\ is wi thill the rall,l!;t) of lloisC'. 

i.e. abollt ± 2 degree::;. For alt = 0.5, a similar trend is shoWIl fur both the steel and 

the aluminium as with alt = 0.25. However. the steel stress factor is much luwer than 

that of the aluminium and the Pl\II\IA. Furthermore the position of the maximum stress 

factor, although constant, is further away from the notch. The most interestillg reslllts 

are these given for the alt = 0.75, here tIle al11l11iniulll does not appear to achieve adia

batic conditions and the stress factor valucs are once agaill Ill11ch lower than tho::ie giveIl 

by the aluminiulll and the Pl\Il\IA. An explanatioll for the differences between the :-itcd 

aIld the two other specimens may he the c\(lditional heat gellerated by the larger plastic 

zone in the steel specimen (::iCC Table 7.3). 
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TABLE 7.4: l\Iaximum stress factor and its locations for specimens with alt = 0.25 

l'vIaterials Al alloy 6082 l\Iilc! steel Pl\Il\IA 

Load freq (Hz) SF(Max.) Pos. (mrn) SF(l\Iax. ) Pos.(mm) SF(Max.) Pos. (Illlll) 
2 l.ll 0 1.17 7.0 
5 1.08 2.0 1.12 7.0 1.13 6.0 
10 1.12 6.2 1.07 7.0 1.18 6.0 
20 1.12 6.2 1.12 7.0 1.21 G.O 
40 1.10 6.8 1.15 7.0 1.12 6.0 

TABLE 7.5: Maximum stress factor and its locations for specimens with alt = 0.50 

Materials Al alloy 6082 l\Iilc! steel Pl\Il\IA 
Load freq (Hz) SF(Max.) Pas. (llllll) SF(l\Iax.) Pas. (111111) SF(J\iIax. ) Pos. (Hllll) 

2 1.59 0 1.3(J 6.2 
5 l.60 0 1.30 6.2 l.73 5.5 
10 1.45 5.4 1.:30 G.2 1.78 5.5 
20 l.46 5.4 1.40 6 ') l.83 5.5 
40 1.49 5.4 1.40 G.2 1.78 5.5 

TABLE 7.6: Maximum stress factor ane! its locations for spccimcns with nit = 0.75 
:Materials Al alloy 6082 Mild steel PMl\IA 

Load freq (Hz) SF(Max.) Po:s.(mm) SF(Max.) Pos.(mm) SF(Max.) Pas. (lllln) 
2 2.51 0 2.78 0 
5 3.39 0 3.08 3.1 3.29 4.0 
10 3.60 0 3.08 3.1 3.47 4.0 
20 :3.38 0 :3.08 3.1 3.71 4.ll 
40 3.04 3.D 3.08 :3.1 3.85 4.0 

TABLE 7.7: Phase angles at notch-tip for specilllC'ns with olt = 0.25 

Materials Al alloy 6082 l\ Iild steel PMMA 

Load freq (Hz) Phase (clcg) Phase (clcg) Phase (deg) 

2 -1.2 :3.2 
5 5.3 2.7 -7.0 
10 5.2 (J.8 -5.3 
20 4.0 1.2 -7.1 
40 2.8 1.5 -4.2 

TABLE 7.8: Phase angle's at notch-tip for SPCCilll('IlS with alt = (l.oo 
Materials Al alloy 6082 Mile! steel PMMA 

Load freq (Hz) Phase (cleg) Phase (cleg) Phase (e!eg) 

2 -0.4 18.6 

5 6.9 12.4 -8.0 
10 Hi.7 9.8 -8.0 
20 17.:3 6.9 -10.4 
40 14.4 :3.4 -9.5 

It i:s clear from this work taking illtO aCCOllllt the erratic phase re:spoll:se from the PMMA 
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TABLE 7.9: Pha.'.;e angles at no tch-tip for specimens with af t = 0.75 

Materials Al alloy 6082 IVIild steel P IVIMA 
Load freq (Hz) Phase (deg) Phase (deg) Phase (deg) 

2 -25.4 2.7 -

5 -12.3 25.5 -1 0.2 
10 0 29.4 -l. 5 
20 14.7 23.9 -15.4 
40 27.4 18.4 4.2 

specimens, the PMMA data shows no real phase change and demonstrates that for 

materials with low thermal conductivities the approach described in t his the..<; is cannot be 

used to ascertain the damage severity in components m ade from similar materials. T his is 

because the heat transfer due to the thermal gradient is not significant in a material wit h 

a very low thermal conduct ivity as demonstrated in the parametric study in Section 6.4. 

In view of this, the remainder of this analysis in this chapter will concentrate mainly on 

the aluminium and steel specimens. 

At low loading frequencies , an out-of-phase signal is observed from a much larger area 

around the damage than at higher frequencies . F igure 7.10 show a comparison of phase 

difference of the aluminium specimens at 2 and 20 Hz. This shows t hat at higher 

loading frequencie..<; the non-adiabatic behaviour becomes more localised. T his is because 

adiabatic conditions are achieved at the lower stress gradient regions , i. e. away from the 

notch. As the loading frequency is increased the damage can be located by examining 

t he phase difference in the signa l. This pattern could b e used to locate the existence of 

sub-surface damage. Therefore an interesting feature of the work is the observation that 

phase change can be used to precisely locate the damage at higher freq uencies . 
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FIGURE 7 .10: A comparison of the non-adiabatic response regions at 2 Hz and 20 Hz 
on the aluminimn specimens 

By inspecting Tables 7.7- 7.9 it can be seen that at t he lower frequencies , it is not 

always the deepest notch that gives the greate..<;t phase change. In fact it is difficu lt to 

discern any relationship between the frequency and the phase in t he data. T his warrants 

fur ther inve..<;t igation. As changes in the phase must be an indication of non-adiabatic 
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behaviour and in view of the difficulties in obtaining accurate and const.ant phase dat.a, 

(as illustrated in Table 7.7 to Table 7.9) in the next sect ion it was decided to st.udy 

the thermoelast ic response numerically using the approach described ill the previolls 

chapter. 

7 .3 Numerical simulat ion of thern~oelast ic effect on damaged 

sp eCImen s 

By taking advantage of symmetry only a quarter of tile specimen was modelled , 'which 

was constrained at the boundar ies as shown in Figure 7.1 1. The damage severi ty and 

notch radius of individual models were defilled usillg the values given in Tab le 7.1. For 

each material t.ype , three models with damage severities of alt = 0.25 , 0.50 and 0.75 

were produced. The material properties used in the analysis were taken fro111 Table 7.2 

and the model was const.ructed as described in Chapter 6. 

p ~ 

20mm . ... _--t 

Model 1 : aft == 0.25 

Model 2: aft == 0.50 

Model 3: aft == 0.75 

FE model 

t == 10 mm 
p== Applied load 

Fre un I': 7.1l: Ceometr ies of the models for TSA 

1---[> 

1---1[> 

1---[> 

1---1[> 

In this analys is the model cont.ains a small rad ius notch , where a large st ress gradient 

exists: therefore model discre tizat ion is esseut.ia l. T Ile mesll t ransi t ioll and density of 

the mpsh around the notch must b(' fin(' pnollgh to capt \ll"C' th(' high stress/ tl lermal 

gradient. In view of this. convergence tests (see Append ix A.2) were carried out prior 

to the simulation in order to ensure the optimum mesh s ize. 
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To compare the TSA and the FEA result::;, both data ::;et::; were normali::;ed again::;t value::; 

obtained from the area of uniform stress aWH.\" from the notch. The TSA dHtH was 

normalised using the signal away from the notch and plottecl as stress factors. The FE 

data was normalised against 6T (see Table 7.3) ccllc-ulnted from the applied stress away 

from the notch and the material properties. Examples of the result.s from t.he simulation 

are given in Figure 7.12, using data from the pat.h E-F shown in Figure 7.11, at. :2 ane! 

5 Hz for t.he aluminium and steel ::;peciml'n::;. It can lw ::;een t.hat the correspondellce of 

the results from TSA and FEA is excellent in lllOSt cases. The t.rends of the st.ress factor 

curves and the phase dat.a are the same. Howev('r. some discrepanc)' can be ohserved at 

the location of the notch tip. Therefore, a detailed examination of the data at locat.iolls 

close to the not.ch t.ip has beell carried out to o\)::;0'l"v(-' the trend::; in the data from both 

techniques for all loading frequency rallge. 

To compare the FE results with t.he TSA at ::;pecitic locatiolls. four points on the ::;urface 

around the damage site \"ere selecteel from locations un the xy plane of the alUlllinimn 

specimen and steel specimens with alt = ().75. Readings were t.aken coincident with the 

llotch tip and 0.67 mm, :2 nun and 4 llllll mnly frolll the notch tip (sec Figme 7.13 ) for 

frequencies from 2 to 40 Hz. The norlllalised theml()(~lastic o:igllallllagnitucie from TSA 

and the normalised temperature re::ipOllSe from FEA arc plot.ted in Figure 7.14. The plot 

shows that t.he experimental data is behaving as predicted hy Equation 5.6 providillg 

confidence in the phase readings giWll in Figm(~ 7.15. To fmther confirm the validity 

of the phase readings given in the experilllents, the corresponding phase data are also 

provided in Figure 7.15. In this figure, the agreclIlCIlt at the notch in the phase data 

from the FE amI TSA for the steel ::;pec:iIllcn is poor. The ollly explana.tion in thi::; caSt' 

may be that of the largest plastic zone estimated in tIle steel specimen with alt = 0.75 

in Table 7.3 which contributes extra heat ami is not considered in the FE simulation. 

For the aluminiulll specilllell at the notch am! in all other cases the agreements are very 

good. confirming the validity of the FE simulation. 
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FIGURE 7.1 3: Locations of the mea.'iuring point from TSA data and FE model 
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7.4 Damage Analysis 

In all of the work described in this chapter it is difficult to identify any relationship 

between the damage severity and the non-adiabatic thermoelastic response. However. 

it is clear that non-adiabatic behaviour is frequency dependent. To fully investigate 

the non-adiabatic behaviour at the nutch. FE sinmlations were carried out over a wieleI' 

range of loading frequencies, i.e. from 1 Hz to lOOO Hz. than were available from ex

perimentation. It is assumed that lOOO Hz is sufficient to achieve fully non-adiabatic 

behaviour in all specimens. Inspection of the experimental results show that material 

properties and the notch depth pIa\' a significant role in the response. In order to elilll

inate the influence of material properties and uotch dept.h. it was decided to plut the 

phase data from the surface at t.he Hutch (see Figure 7.13) against. the thermal cliffllsion 

length, ~r = J k f' (f is the loading frequency). divided by the ligament length. i.e. 
jJ('.p7f. . " 

the distance between the notch tip alld t.he surface. (t - a). The plot of the phase data 

obtained from FE sinmlation" agaiust this qmmt.ity is showll in Figure 7.16. 

III Figure 7.16 a very revealing trelHl emerges. There arp thrc~e distinct curves represent

ing each notch depth. The zero ]Joint ill this curve represents fully adiabatic behaviour 

8t high frequencies. It is difIiClllt to sec the P l\ll\lA 1 re"ult.s in Figure 7.16 as they aTe 

grouped around the zero position so a zoomed plot is abo provided in Figure 7.16. This 

clearly shows the Pl\IIvIA points OIl the cmves acC"onling to their notch depth. As the 

quantity ~I / (t - a) increases. the 1l001-aclialmtic 1)eimviollr ill the specimen is abo illCTeas

ing. The turning point at 0.25 in all three curves is all important feature. Acceptillg that 

the non-adiabatic contribution to thermoelastic signal comes from beneath the surface 

then the turning poillt could indicate when a greater proportioll of the sigllal is ob

tained from beneath the surface. Therefore. takillg signal readings from whell 1/ (t - a) 

is greater than 0.25 opens up the possibility of o\)tainillg data that is directly related to 

the sub-surface stress. 

lThe notch radius of the Pl'vIlvIA models art' the satIl(' as aluminium and steel modcb to eliminatt' 
the dfer!. of different geometries, i.e. t he !lot ch rCldins. 



7.4 Damage Analysic; 119 

40 ,---~----------------------------------------------, 

-Q) 
Q) .... 
Q) 
Q) 

20 

:s. 0 
Q) 
(f) 

co 
.!:: 
Cl. 

-20 

FEA results 

~ aluminium (a/t = 0.25) 
-<>- aluminium (a/t = 0.50) 
-0- aluminium (a/t = 0.75) 
----A--- steel (a/t = 0.25) 
-+- steel (a/t = 0.50) 
-0- steel (a/t = 0.75) 

""F-----'-----;!;?r--'l....---''Ioor----------------1 ----..1.--- PM MA (a /t = O. 25) 
~ PMMA (a/t = 0.50) 
-Q-- PMMA (a/t = 0.75) 

40 +--+ __ L-__ ~----------~--------_,----------._--------~ 

0.0 0.5 1.0 1.5 2.0 2 .5 

'Y/(t-a) 

4 

2 

o~~~~~~--~----~--~ 
O. 0 0.02 0.04 0.06 0.08 o. 0 

-2 

4 

Zoomed plot 

F[GUllE 7.16: P hase response from FEA 



7.4 Damage Analysis 120 

re 7.17 shows a plot of the 

experimental data obtained for the steel and the aluminium. A 'best fit ' curve is a lso 

provided for each notch depth and it can be seen that there are three dist inct curves . 

The loading frequency for the 2 Hz and 40 Hz conditions are indicated in the plot . The 

underline and non-underline label represents the loading condition for the aluminium 

and steel specimen respectively. With the exception of the aluminium al t = 0.75 notch , 

the 40 Hz conditions lies in the range 0 ::; ,I (t - a) < 0.25. Likewise, the 2 Hz values all 

lie above ,/(t - a) = 0.25 with the exception of the alt = 0.25 for the steel specimen. 

For comparison the FEA data is presented in the same way in Figure 7.18 and shows 

identical trends. However, the magnitude of the phase change in the experimental data 

is much greater than that given by the FEA. The only physical explanation for this is 

the omission of the plastic zone characteristic at the notch in the FEA. However , t he 

means by which the DeltaTherm system software obtains the phase is also questionable 

and could be contributing to the difference. 
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FIG URE 7.17: Pha..<;e response from TSA 

Equation 5.19 in Section 5.2 shows that thermoelastic signa.! obtained under the effect of 

non-adiabatic behaviour is biased by the extra heat content caused by heat conduct ion , 

i.e. from the sub-surface in this ca.',e. Therefore, a subtraction of TSA signal between 

the one obtained at high frequency (more adiabatic) and one obtained at low frequency 

could be used to reveal the contribution caused by the additional heat content from the 

sub-surface and may provide an opportunity for stress analysis at the notch . 
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To investigate if sub tracting the two signal data sets will provide data related to the sub

surface stress, the remaining R signal from subtracting the data at 40 Hz away from the 

data at 2 Hz is given in Figure 7.19. The remaining R signal from the aluminium speci

men with alt = 0.25, 0.50 and 0.75 is shown in Figure 7.19 (a), (b) and (c) respectively. 

Similarly, the remaining data from steel specimens with alt = 0.25, 0.50 and 0.75 is 

shown in Figure 7.19 (d), (e) and (f) respectively. In all of the plots a peak in remaining 

R signal is evident at the notch, with the exception of the alt = 0.75 aluminium data. 

To assess if this peak is related to the stress, results from the FEA static analysis at the 

subsurface are also show in the figure. For the aluminium alt = 0.25 and alt = 0.50 

and the steel alt = 0.75, a sharp increase in signal is evident at the notch of a similar 

nature to that given by the FEA. For these specimens it can be seen in Figure 7.17 and 

Figure 7.18 the 2 Hz reading is in the 'non-adiabatic' region, i.e. 'Y/(t-a) > 2.5 and the 

40 Hz is in the 'adiabatic' region, i.e. 'Y/(t - a) < 0.25. For the steel where alt = 0.25 

the increase in the thermoela.'itic data is barely apparent; in Figure 7.17 and Figure 7.18 

both the 2 Hz and 40 Hz reading are located in the 'Y/(t - a) < 0.25. When alt = 0.50 

in the steel specimen there is an increase in the signal at the notch but not a.'i sharp a.'i 

that seen in the FEA. In this ca.'ie the 2 Hz reading is positioned very close to 'Y /(t - a) 

= 0.25 indicating only a small contribution from the subsurface to the surface response. 

Finally for alt = 0.75 in the aluminium specimen the thermoelastic response is negative 

compared to that given by FEA. In Figure 7.17 and Figure 7.18 the 2 Hz and the 40 Hz 

values are both in the region where 'Y/(t - a) > 0.25. iVloreover, the 2 Hz condition is 
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located further away from the turning point which indicates severe non-adiabatic comli

tion. However, the ftaw can still be observed. Interestingly, it can be seen that if the two 

points are located nicely each side of t.he tUruillg point snch as aluminiulll specimclls of 

alt = 0.25 and 0.50 and steel specillle11 of alt = 0.75, the subtracted R-sig11al is very 

well represent the severity of the sub surface stress. 

Although the thermoelastic data in Figure 7.19 is not calibrated, whe11 interpret.eel in 

terms of the data given in Figure 7.17 a11d Figure 7.18 it clearly shows that there is 

potential to reveal the subsurface stress using the nOIl-adiabatic response. The l1lag11i

tude of the thermoelastic signal dift'crence between a ma.inly adiabatic signal i.e. when 

,/(t - a) < 0.25 and a mainly nOll-adiabatic signal ~rl(t - a) > 0.25 could be used as H 

measure of the damage severity. 
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7.5 Conclusions 

The work in this chapter he),s demonstrated that materials with low thermal conductiv

ities such as Pl'vHvIA do not exhibit a non-adiabatic responses even at very low frequen

cies, hence the approach described for damage severity evaluation can only be applied 

to materials with high thermal conduction. 

Experiments have shown that there is llO direct relationship between the phase change 

in the thermoelastic data. llotch depth awl loadillg frequellcy. All FE model has becll 

produced that simulates the thermoelastic respOllse over a larger range of frequencies 

other than those available from experiments. This has been validated agaillst experi

mental data and shown to be in vcry close agreement. The FE model has been used 

as a basis for identifyillg the contribution that is made to the surface signal from tht' 

sub-surface of material. A new parameter h/(t-a)) has be('n developed and it is shown 

that when this is plotted against phase change Call iwlicate the level of contrillllticlll to 

the response from the sub-surface. ~il(t - 11) = 0.25 ,vas sllOwll as the turnillg point in 

the curves and subtraction of one data set frOlll fl(t - 11.) = 0.25 call provide data that 

is related to the sub-surface stress and hence provide a measure of damage severity. 

The material is i:lhown to have an import.ant eHect 011 the int.erpretation of the data. 

Hence, the next step in the work will examine only one rnaterial type. The clanlCige 

examined in this chapter concentrates on idealised dalllage. Therefore the next chapter 

of the thesis will examine more realistic damage. 



Chapter 8 

Detection and evaluation of 

damage in flat plates 

8.1 Introduction 

It has been shown in the previolls chapter that the proposition of using TSA to detect 

and evaluate sub-surface damage is viable. Before movillg on to the problem of internal 

sub-surface flaws on a curved shell structure of C\ pipe section, the next logical step is 

to test the approach on a 1nore realistic shaped defect in the form of a :mb-surfClcP flaw 

in a flat plate. This is to investigate lwhavionr of the therIlloelastic response of snch 

damage on a simple plate structnre and to confirm the applicability of the approach 

011 a realistic sub-surface Haw. Therefore. in this chapter. a study of the 1l001-aclialmtic 

behaviour of a sub-surface flay\' ill the form of (\ sCllli-circulClI" slot of a similar t<mn to 

those described in Chapter 4 is carried out. 

In Chapter 7 it was shown that the Ilwt('rial thermal cOlI([nctivity played all illlPortant 

role. To study the thermoelastic re:-;pon:-;e from a wider range of damage :-;ewrities. the 

work in Chapter 7 indicated a material of rcbtivcl)· high cOll<luctivity is preferahle. This 

is becau:-;e the higher the conductivity of the material. the smaller tlw level of damage 

that can be detected. Therefore. an allll11inilllIl allov was chosen to be the test SP(~('illlpn 

material. In this chapter. six damage severities of (lIt = 0.15, 0.20, 0.40, 0.60. 0.80 

allCl 0.85 (see Chapter 4) were illvestigatecl. As ill Chapter 4 auel 7, TSA was llsed 

to observe the thermoelastic response frolll the undamaged :-;urfac:e of the specimen at 

variou:-; loading frequencies. The thermoelastic respOIlse was abo investigated usillg the 

llllmerical simulation technique developed ill Chapter 6. 

125 
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8.2 Experimental work 

8.2.1 Test specimen 

An aluminium flat plate of 10 mm thickness. 340 nun width and 450 nlm length wa.s 

fabricated. Surface flaws were introduced in the plate by the EDM technique. The 

semi-circular slots of width 0.175 mm were machincdusing a electrode of radius 15 mIll. 

Locations of each slot and its dimeusions are shmvn in Figme 8.1. A dimensionless 

parameter of damage severity is clf'finf'cl in the same way as in t he preliminary study in 

Chapter 4, i.e. alt is referred to Cl.'i the ratio of the slot depth to the plate thickness. 

8.2.2 Experimental arrangement 

The specimen was coateel with a thill layer of lllatt black paint to improve ane! stalldard

ise the surface emissivity. The specimen was thl'u ll101ll1ted iuto the servo hydraulic test 

machille. As the specimpn was the same' "lviclth as the specimells used in Chapter 4 it 

was mounted in an identical manner a", clcscrilwcl in Section 4.2.2. A loading of 15 ± 14 

kN. equivalent to 6CT = 8.23 l\IPa was applied for all fnx[llencies: 2. 5, 10, 2() Hnd 30 Hz. 

The loading frequency of 30 Hz is the maximum £'requeucy that the testing machiup cau 

achieve for this test. The' DcltaTherm (DT1400) detector was positioned at a distauce 

so that all damage locations could be ohserwd in oue reading. This results in au image 

resolution of approximately 0.8:3 mill per pixel. The detector operated at a sampling 

rate of 142 frames per second. The electwuic c:hllttcr was ad.illc:tec\ at 35% to provide a 

good signal to noise ratio for the test. Based ou tlws(~ settiugs. an awrage thermoelastic 

sigual of 1260 U was obtained at a llllifonll stress rcgiou OIl the specime'u. The' average 

signals (Save), standard deviation (SD) aud cocJlicicut of variation from caeh test readiug 

at a uniform stress away from the clmnage mc givcu in Table 8.1. 

TABLE 8.1: Thermoelastic signals at a llniforlll strcss region 

Test No. Freq. (HI;) S igllCll. Sa v(' (U) SD Coof of variation 
1 2 127:3 123 9% 
2 5 1247 12L1 10(% 

3 10 1187 124 10% 
4 20 1:347 119 8% 
5 30 123:3 140 11% 

8.2.3 Results 

Au example thermoelastic response ill terms of B.-image and phase image from the 

experimellt at 5 HI; is shown ill Figure 8.2. A set of B.-iIllages and phase images aroll11C1 

the damage region" at these loading freqllencies are given in Figure 8.3 and Figmc 8.4 
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respectively. By inspecting only the R-irnage, the sIllallest level of damage that can be 

observed is alt = 0.40. On the other hand. in the phase image, the damage of alt = 0.20 

can be also detected at 5 Hz and 10 Hz. A gelleral characteristic of the phase profile 

around the damage is that the change of phase become more localised when the loading 

frequency increases, once again indicating that the phase response can be used to locate 

the damage. 

For alt = 0.20 and 0.40, the phase challge at the cialllage approaches zero at a loading 
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frequency of 10 Hz, which indicates that the condition at the damage zone is becoming 

more adiabatic. To visualise the phase behaviour at the damage site, the phase signal 

at the middle of the notch location (see Figure 4.3 position 5) was plott.ed ill Figure 8.5. 

The phase data of the damage alt = 0.15 is not included ill t.he plot because it call llOt. 

be identified by TSA. For t.he damage of alt = 0.60, 0.80 and 0.85 there is no sigll of 

adiabatic behaviour at the notch tip within the range of 2-30 Hz. To further examine 

the thermoelastic response from the damage numerical simulation is necessary becHllse 

of the limitation of the testing machine. 
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8.3 Numerical and experimental investigation of subsur

face damage in a flat plate 

8.3.1 3-D modelling of damage in a plate structure and FE simulation 

lIoddling a crack like fiaw in three dirllC'llsiolls is nlllch more demanding than in t.\\"o 

dimensions. In a 3-D model. the mesh tnmsitiOl) at the region of expected large stress 

gradient. i.e. around tllP notch. mnst h0 controlled efi'ectivcly in three ciimensions ill 

order to avoid an irregular element shape (i.e. taper. skew. large aspect ratio or warping 

element) which is a fundamental S01ll'Ct' of error. Some lllodeller software packages 

specially cleRignecl for FE simulatioll in fractnre mechanics can be used to mesh a crack 

model automatically, as well as provide alltomatic refinement process at the regioll 

with various cracks geomet.ries. Examples of FEA crack software art' ZeIlCTHck::J alld 

Structural Reliability Technology (SRT) FEA-crack 2. Howt~ver. the main purpose of 

these software packages is to mesh the crack front v"ith a special element type to obtain 

a good SIFs approximation at the singnlar point ami the)' are not snitable to simulate 

thermoelastic effect at a notch. 

The approach used here is to build a solid Illodel from scratch and mesh the modd 

manually. A damaged section of the specimC'Il is ddilWd as shown in Figure 8.6. It 

is assllmed that the the damaged section is snbjected to the same stress distrihution 

experienced at the remote region away from the damage ZOlW. A solie! modd was 

then constructed as a quarter of the danmged section containing the flaw as shown 

in Fignre 8.7. The IIlec:hed model was constl'1lctee! ensurillg that the re:;ulting stress 

distribution in the notch regioll was smooth and cuntill1l011S across the elemellt. The 

meshing process was carried 011t by trial and enOl' of changing' element size as well as 

moving the nodes, particularly in the lloteh region nnhl there was no excessive elellH'llt 

distortion in the model. As a wsult. mc.;hing til(' dalllage in order to obtain a high 

qllality mesh is a time cons1ll11ing t.a"k. 

The steps to simulate the thermo0iaslic dfcc:l are tIl(; same: a" described ill the Chapl',cr 6 

except 3-D elements were 11seci. A :3-D stmct1ll'nl "olid PiClllCllt. (SOLID45) was ns('d for 

the Illodel in the structural allalysis awl a :3-D thermal solid demcnt. (SOLlD70) was 

nsecl for thennal harmonic analysis. The applied load on the model is equivalent to the 

cyclic tensile load on the specirnen of 15 ± 14 kI\ or 6a = 8.2 l'vIPa. Tvlaterial properties 

of the specirnen usee! in the si1l11l1atic)]l arc givcn in Table 8.2. 

DllP to the fad that meshing proc:(:s~ was carried out IlJanually, the higher alt ratio. 

the too lllany elements are required to Illaintain a good Cjnality mesh. As a reslllts. 

Cl model of the damage larger than of nit = 0.60 for this damage dimensiolls has not 

I http://www.zenlC.ch.co.uk/z(.llcnlck.htm 
:2 http://www.srt-boulder.colll/suftware.htlll 
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Adama 

60mm 

FIGURE 8.6: A defillPcl damaged ;.;ectioll ill the SPPCiIlH~1l for FE idpalisatioll 

been meshed successfully. Therefore. Ollly two FE models \vere created, i.e. the model 

with alt = 0.40 and alt = 0.60. The former is selected in order to examine if the FE 

model can be used to predict the nOll-adiabatic behaviom of this type of damage. The 

later is chosen to perfonn further allalysis of llOlI-adiabatic behaviour at higher loading 

frequellcies, that can not be clone expcrilllentall.v. 

TABLE 8.2: Material properties of aluminium alloy using ill the FE simulatioll 

I Material Properties of aluminiuUl I Valne I Unit I 
Young's modulus, E 70 GPa 
Poisson's ratio. // lJ.:33 -

Specific heat at COllstallt prcssUl'(~. cl' 896 .J I kg K 
Thermal comluctivity, k 180 W I In K 
Density, p 2700 kgl m:l 

Coefficient of linear thermal expansion, Cl 24E-6 11K 
Reference temperature, To 293 K 
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FE model of a quarter of the 
damage section 

Damaged surface 

FIG URE 8 .7: FE model of a qua.rter of the damaged section defined in Figure 8.6 
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8.3 .2 Results and damage analysis 

Figure 8.8 shows contour plots of the sum of the principal stress plotted from both 

calibrated TSA data and 3-D FEA results (static analysis). The boxes indicated in 

the TSA data correspond to the damaged-sect ion dimensions defined in Figure 8.6. To 

compare the results between two approaches, the thermoelastic data obtained from the 

line profi les indicated in the figure are plotted together with the data obtained from 

the FE model at the equivalent location in terms of stress factor and phase data and 

given in Figure 8.9 and F igure 8.10 for alt = 0.40 and alt = 0.60 respect ively. From 

both figures, it can be seen that the simulation results agree well with the experimental 

results. 

aft =0.40 
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F IGURE 8.8: Locations of the profiles where the data is interrogated 

To analyse the sub-surface stress from the sub-surface fl aw, phase data is plotted against 

the proposed characteristic length h/(t - a)). TSA data from Figure 8.5 and FE results 

are plotted in Figure 8.11 and Figure 8.12 respectively. In Figure 8.11, the curves 

representing the damage of alt = 0.20 and 0.40 reach a turning point at "Y/(t - a) ~ 0.2 
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FIGURE 8.9: FE results compared with TSA (a/t = 0.40) 
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and 0.26 respectively. The curve of the damage with alt = 0.60 appears to reach 

the maximum phase change at a frequency of 30 Hz, but this cannot be confirmed 

experimentally. This requires FE simulation . Therefore additional FE simulation was 

carried out to simulate the thermoelast ic response of alt = 0.60 at the following loading 

frequencies: 50, 100, 200, 500 and 1000 Hz. This additional simulation results are also 

included in Figure 8.12. It can be seen that for the damage extent of alt = 0.60, the 

loading frequency required to diminish the contribution of non-adiabatic behaviour is 

higher than 40 Hz. To show the agreement between the TSA data and the FE prediction, 

the data for the damage of alt = 0.40 and 0.60 are plotted in Figure 8.13 . 

To show the contribution of the sub-surface stress, the approach for damage analys is 

introduced in Section 7.4 is applied. For the damage with alt = 0.40, ,/(t - a) ~ 0.26) is 
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FIGURE 8.10: FEA results compared with TSA (a/ t = 0.60) 

obtained from both FEA and TSA as a turning point of pha..<;e response for t his damage. 

T he R-signal at 2 Hz hf(t - a) > 0.26) was subtracted from the R-signal at 30 Hz 

hf(t - a) < 0.26). The remaining R-signal is plotted in Figure 8.14 (top) along with 

the internal stress obtained from FEA at the tip of the slot. It can be seen that the 

remaining R-signal clearly shows a contribution of subsurface stress . A similar procedure 

wa..<; applied for the R-signal from aft = 0.60, i. e. the R-signal from 2 Hz wa..<; subtracted 

from that of 30 Hz and the remaining R-signal is plotted in Figure 8.14 (bottom). Here, 

the remaining R-signal curve does not show a similar trend as obtained in the previous 

curve (aft = 0.40). T his is because t he R-signalllsed for the subtraction wa..<; positioned 

in the 'more non-adiabatic' zone. 
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FIGURE 8.11: TSA results 
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FIGURE 8.13: TSA and FEA results at the same loading frequency range 

8.4 Conclusions 

It has been shown that non-adiabatic behaviour from defect with more realistic geome

tries can be predicted successfully using 3-D FE simulation. However, the use of an FE 

approach for this complex geometry is time consuming, due to the complex meshing 

required, especially for the cracks or very sharp slots in a large structure. Therefore, 

a more efficient technique for modelling and meshing a damaged geometry needs to be 

developed. 

From the thermoelastic work carried out in this chapter, it can be seen that the non

adiabatic thermoelastic response for realistic defects is much more complicated than that 

of idealised damage as described in Chapter 7. However, the validity of the proposed 

approach has been demonstrated and it can be seen that the subsurface stresses at 

the damage site can be predicted by subtracting the adiabatic response from the non

adiabatic response and hence a damage severity factor can be determined. In the next 

chapter, this approach of using non-adiabatic behaviour to assess the damage will be 

applied to a pipe structure. 
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Chapter 9 

Detection and evaluation of 

damage in a pressurised 

cylindrical component 

9.1 Introduction 

Following on from the vvork on the flat plates described in the prevlOUS chapter, the 

next logical step is to apply the approach of using TSA to detect and evaluate damage 

to a cylindrical component, i.e. a pipe section with intemal-s11rface flaws. To Iwrform 

an ('xperiment on sl1ch a comporwnt.. two diffic11ltiC's have to ))(' overco!Yw: first., a cyclic 

pressure nlUst be applied to the specimen and secondly. surface flaws must he created 

on the inner surface of the pipe compOlH'nt. The first difficulty has been addressed 

in previous work by the author described in Ref [70] by the design ane! fabrication 

of a pressure rig which can be usee! with an existing servo-hydraulic testing machine. 

However, some modifications have heel! made ill the course of current work to improve 

the functionality and performance of the systelll. The second prohlem was solved by 

cutting a. pipe specimen in half and machining an EDJ\I slot on the internal surface and 

then welding the pipe bi:lck together. Details of the mclllufacturing of the specirnell are 

discussed in this chapter. The TSA experiment was then carried out on the 'damaged' 

press11rised pipe specimen and the nOll-aclialmtic thc'rmoeiClstic response used to identify 

the damage. 

The objectives of this chapter arc: firstly, to describe the work on upgrading of the 

pressure transmission rig ami provide <1 fnll validation (described in Section 9.2 9.3) 

and secondly. to demonstrate the applicahility of the devised approach damage charac

terisation on pressurisecl components. The design of a specimell with internal fiaws is 

descrihed in Section 9.4. The detail of the experimental procpdnre. results and discussion 

arc provided in Section 9.5 ami 9.6 respectivel.v. 
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9.2 Pressure device modification 

The rig was designed and built for the purpose of using TSA to invest igate the st ress 

distribution on an enclosed pressurised structure ullder dynamic loading. The hll1ct ion 

of the rig is to transform the force applied by a servo-hydraulic testing machine actuator 

into fl uid pressure. This is achieved by utilising a hmvy duty hydraulic ram . A pho

t.ograph of the rig assemblies and hydraulic circui t d iagram is provided in Figure 9.1. 

test specimen 

cylinder 

multi-~rt manifold 

shut off valve 

machine lower grip 

FIG URE 9 .1: Pressure rig a~scmblics and circui t di agram 

Essentially, the rig is composed of t.hree components: pressure ram, hand pump and 

test specimen arrangement . The pressure ram is used to apply cyclic pressure load to 

the specimen. Both sides of the ram are fixed wit h the gripp ers in to an Instro ll 8800 

servo-hydraulic test machine . The hand pump is illcluded in the design to allow the 

operator to cont rol the mean operating pressure in t he system ma.l1ua lly. fVIoreover , it 

is used to flush and circulate hydraulic oil in order to remove any entrapped air bubbles 

from the syst em. The last component is the test specimen assembly which cOlls ists of 

the support fixture and the specimen. T his is explained in detai l ill Section 9.3.1. T he 

pressure rig described above needed to be modified t.o improve its performance so that 

a larger cyclic st ress could be app lied . The object ive of the modificatioll was to ill crease 

the so called u'ulk 'modulus of the hydraulic system. A shortcoming of the previous design 

\ovas the deformation of the type SAE 100R2 hydraulic hoses shown in Figure 9.2. vVhen 

t hese were subjected to internal pressure of near to 10 bar , the radial deformat ion of 

tlle hoses was approximately 1 mrn,which was too la.rge for the intended purpose. Abo, 

there was a small leak at the pressure relief valves (see Figure 9.1 (ci rcuit diagram )) at 

high pressure ca.used by the low quality of the valve scat . 

Both deficiencies caused a d isplacement of the test· machine hydraulic actuator of up t.o 

10 J1l1ll ,which was too large as this restricted the tests to low loading frequencies of up to 

H, maximum of 3 Hz on ly. The rea . .',on for th e rest rict ioll was t ha t the piston clisplacelllent 
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SAE 100R2 SAE 1 OOR1 0 

FIG UR.E 9.2: F luid power hose u::;ed in the r ig: SAE lOOR2 was used in the p rev io u::; 
des ign and it was rep laced by SAE lOOR.lO to prevent excess ive hose expansion. 
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exceeded the operat.ional envelope of the test ing machine at higher loading frequellci es 

(see Figure 9.3). 

~~~....:.IN='T:..:.R..:.:[]::.:N~P=e=rf=o=rt=n=a=n=c=e=E=n=v=e=Jo=p=e=P=J=o=t __ ~ ~:.'::,o,::::: ~ 

! 

[.,lk' B-/.I.} ,), -G2 

f:roq u&ncv ,.Hn 

F IGUR.E 9 .3: Envelope performance plot (In::;t1'ol1 8802) 

Applied load 
(F max= 24kN) 

Cylinder 

SAE 100R10 
hose 

_ Pm"""ed ,ped~= 

'\ 
Hand pump ?J 

with ,e,eNo;, i~~ Slop ,a',e 

FIGURE 9.4: Si lllplilicd hydraulic circuit 

SAE 100R10 
hose 

To eliminate t hese deficiencies. the hydrau li c: circuit bas been simpli fied by removing the 

safety valve and manifold (a diagram of 1.110 lllorlil'iecl circllit is provided in Figure 9.4) 
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and all hoses have been changed to a stronger type (SAElOOR10). This type of hose 

consists of very high density wire reinforcement: 4-spiral plies of heavy wire wrapped. in 

alternating directions as shown in Figure 9.2. The llse of fixed copper tubes instead of 

hydraulic hoses is probably the best option t.o solve the problem, hut this would have 

resulted in a less portable design. Therefore, this option was not pursued. Althollgh 

the safety relieve valve has been removed. from the system. safe operation is maintained 

provided that the test machine control system limiters are set to restrict the movemellt 

of the actuator within a safe operatillg range. 

The rig was tested after the modificatioll. The movement of the actuat.or was reduced 

to 2 mm when the maximum testing-load is applied. This is well within the rang(" of 

operational envelope of the te:,;t machille and allow:,; testing at higher loading frequencies 

of up to 10 Hz. One minor clifficnlty still ('xi:,;ts in that it is impossible to remove all of 

air bubbles from the oil. However, with careful as:,;emblillg this has been rninimised and 

has a negligible effect on the results. 

9.3 Test rig validation 

9.3.1 Test specimen and fixtures 

In order to validate the rig a simple test. specimen was chosell. It is of a cylindrical form 

and is shown in Figure 9.5. The specimen was C111. from a typical seamless low carbon 

steel pipe of 75 mIll internal diameter alld 5 nlIn thicklless. a section of the specimen has 

been machined at both euds to remove the cuttillg edges ane! provide a smooth contact 

surface. 

350mm 

I 
---:-10 75 m~--+T--

--I085mm~~-

FIGURE 9.!): The steel pipe specimC'll for validatioll test 
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A set of support fixtures was designed so that when the specimen was subj ected to 

an internal pressure, the longitudinal stress was minimized . This was achieved by an 

open-end configurat ion as shown in Figure 9.6. Two steel plates are used to prevellt 

the aluminium plugs from slipping out. when the pipe is subj ected to iutem al pressure. 

This configuration allows free deformation in both radial and axial direct ions and as the 

specimen is not constrained axially the longitudinal stress is eliminated . O-rings were 

used to prevent leakage between the pipe-ends and the aluminium end-caps. A stalldard 

o- ring groove was machined in each aluminium end-cap,therefore the maxilllul1l load 

achievable is dictated by the o-ring perform ance . This means tha t the test can be 

performed for a static pressure of up to 80 bar. That is to say the ma.ximum load tha t 

can be applied to the pist.on rod of the ram is limi ted to 24 kN. 

To independently evaluate the stress in the specimen , a two-gauge orthogonal st rain 

gauge rosette wa.s bonded to the surface of the cylinder along the principal stress axes 

in order to record the hoop strain (E hoop = rT"EUP
) a.nd the a.xial stra.in (Eaxial = -1/ rT";t" ). 

f~. Connection 
/<1 '-- port 

,- / (.:dr -.. n/ '~~ 
~9:b (=-1"" _____ Gap 

'~ ~1:~1 ' b~tween 
' l~~ i pipe and 

aluminium 
end-plug 

Tierod~ 

Pipe specimen 

Aluminium plug 

_/ Steel plate 

/) 

O-ring 

FIGURE 9 .6: Cross-sectional vicw of t. hc spcc imcn a.';scmbly 
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9.3.2 Hydrostatic validation 

The rig and test specimen were 8..'isembled and tested. Figure 9.7 shows the test setup. In 

the first place, the static load was increased gradually to ensure that the internal pressure 

and stresses developed in the specimen can be controlled effectively by the Instron test 

machine control panel. The surface strain from the strain gauges W8..'i monitored and 

recorded via a computer controlled data acquisition system. 

FIGURE 9 .7: Pressure test set-up 

The strain developed due to the hydrostatic internal pressure W8..'i recorded and is given 

in Appendix A.4 and plotted in Figure 9.S. Taking v = 0.3, it can be seen that Caxial is 

approximately - 0.3 (Ehoop),8..'i expected. 

Stresses in both principal directions at each load step can be calculated from the mea

sured strain . They were calculated using the cl8..'isical stress strain relationship with the 

stress in the z direction is zero (normal to the specimen surface) and 8..'isuming E = 207 

GPa and v = 0.3 [69]: 

E 
ahoop = -1--2 (Ex + VEy) -v 

E 
aaxial = ---2 (cy + VEx) 

I - v 

(9.1) 

(9.2) 

The values obtained from the gauges were compared with theory, for a thick-walled 

cylinder the stresses are as follows [69]: 
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(9.3) 

') ') ') 

TO;: (T - + I'~) 
amd ial = Pi ') (2. ')) T- '1'0 - TO;: 

(9A) 

aa"ial (opell end) = 0 (9 ,.5) 

where ahoop is the hoop stress , a rad ial is t he rad ia.l st ress and aa" i" i is t he a.xia l stress, 

TJ.; is interna l pressure, Ti is t he irlller rad i us, 1'0 is t he au tel' ra.di us and T is t he radia l 

posit ion where t he stress are calculated . 

T he illternal pressure was calculated simply by : 

P 
Pi=-

r1rarll 
(9 .6) 

where P is t he applied load and A r'lrll ( = 311 7rnm2 ) IS t he cross sectional a rea of t he 

piston of t he heavy du ty hydraulic ram . 
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In theory, in this configuration , O'rad ia l at r = T() is zero as t he cylinder is tmder in ternal 

pressure and 0' ax ia l is zero as the cylinder is not constra ined a...>:i a lly. The calculated and 

measured values at the surface of the cylinder a re plotted in Figure 9.9 and :-; how a good 

agreement. The small divergence fro m theory lIlay be caused by t he m isa.lignment of the 

stra in gauge to the principal directions. So it can be concluded t ha t. t he rig i:-; working 

properly and the stress developed in the specimen can be controlled direct ly fro111 t. he 

test machine control panel. 
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• Hoop stress (Exp) 
-0- Hoop stress (Theory) • • 30x106 'Y Axial stress (Exp) 
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.......... 20x106 • co 
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1 Ox1 06 Cf) • 
• 

0 

o 2 3 4 5 6 

Internal pressure (MPa) 

FI CU RC 9.9: Hoop a nd axial stresses derived frolll straill gauges compa red wit h t heory 

9.3 .3 TSA validat ion 

III order to verify that t he pressure rig is ca.pable of apply ing a cyclic preSSlll'e for T SA , 

it is necessary to carry out two tests: 

• Cl simple compressive te:-;t 0 11 a cy linder of th e same material 

• a cyclic p ressure test using t he cycl ic press ure test ing fac ili t ie:-; of t.he rig 
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The experimental settings for both the compression and pressure tests are summarised 

in Table 9.1. In both cases to enhance the surface emissivity, the pipe surface was coat.ed 

with a very thin layer of matt black paint . 

TABLE 9.1: Summary of t. he test set. up 
Setting I Compressive tes t I Pressure test 

Load (kN) 12 ± 10 10 ± 6 
6(}app (NIPa) 15.9 28.9 

Loading frequency (Hz) 10 10 
Electronic Iris 47 47 

Image type AC Integrate AC Integrate 

The aim of the compressive test is to evaluate a ca.libration h1ctor, A from the ther

moelastic equation (Equation 1.1) for the pipe lllaterial. By loading an identical pipe in 

uniaxial compression as shown in F igure 9.10 a ullicL'cial stress fi eld is obtained a lld t he 

cali bration factor can be determined as: 

A = 6(}app 

S' 

where, 6 (}app is the applied stress change due to t he applied cyclic load. 

r-

Ba ll bearing ---------..... 

'B 

Small flat p late ~I 

Flat Plate 

l 

'-Steel 
to 

I 

-

J 

rod (connected 
the upper grip) 

- SpeCimen 

Test machine ac tuator 

FIG URE 9. 10: Comprcs:; i ve loaclillg 

(9.7) 

The specimen was loaded between fl at plates as show n in Figure 9. 10 to give 6(}" pp = 
15.9 NIPa. F igure 9.11(a) shows a DeltaTherm image of the compress ive tes t. The 

ililage shows a stress concelltration at tIle base of the pipe due to t he contact regioll 

l)p j-w8el1 t.he flat plate and the spccinwn. Cle:m'lv the: e:nd of tlw cylinder is not perfectly 

square and th is results iIi the non-uniform stress distrir)IItion a.t the elld of the pipe. A 
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reasonably uniform signal distribution is achieved away from the end of the pipe. The 

average signal was obtained from an area indicated by the rectangle in Figure 9.11(a) &'i 

203 ± 42 uncalibrated units, i.e. coefficient of variation of 20%. The calibration factor 

was calculated from Equation 9.7 as 0.0784 IVIPajU. 
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FIGURE 9.11: Sample of captured images from the experiment 
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In the cyclic pressure test, the same specimen as the previous hydrostatic test W&'i used. 

The test setting W&'i identical to the hydrostatic test but a cyclic load of 10 ± 6 kN 

(6.0' = 28 .87 IVIPa) W&'i applied. An average signal of 332 ± 90 units W&'i obtained from 

the region indicated in a rectangular box shown in Figure 9.11(b). The coefficient of 

variation W&'i 27%. Using the uncalibrated signal from t he pressure test (Save = 332 U) 

and the calibration factor, the stresses in the pressurized specimen can be be evaluated 

by applying Equation 1.1. The principal stress in longitudinal direction is assumed to 

be zero due to the open-end configura.tion therefore a hoop stress of 26 MPa is obtained 

from the thermoelastic data. 

To validate the use of the rig for TSA, the load W&'i applied through the ram and 

controlled by testing machine control panel. The stresses on the wall of the cylinder 

&'isociated with the applied load was then evaluated. The stress resul ts from the TSA 

were compared with that from the strain gauge readings, theory and an ANSYS FE 

model. Firstly, the thick-walled theory was applied to obtain 6.O'hoop using on internal 

pressure of 3.85 MPa, i.e. the range of cyclic pressure. Secondly, strain gauges were used 

to determine the stress; it was &'isumed that the pressure change due to the cyclic load 

produced the same strain at the corresponding static load. Thirdly, the FE approach 

was also used to predict 6.O'hoop, by modelling a 'slice' of t he cross-section of the pipe. 

A quarter of the pipe cross-section was modelled in ANSYS using a 2-D plane element 
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(PLANE42) under plane ::>tre::>::> condition (::>ee Figure 9.12). The model was ::>ubjected 

to internal pressure load of 3.85 :tvIPa and the plane ::>tress condition meant there was no 

stress in the longitudinal direction. The code ami validation for this model i::> given in 

Appendix A.5. All re::>ult::> are given in Table 9.2. 

TABLE 9.2: Soluti()lls for 61T}UH)!, from varions methods 

Methocb I 61T11OUP (:f\ IPa) I % error frolll TSA 

Thick-walled theory 27.1 +4 % 
FEA 27.0 +4 % 

Strain gauge 24.9 -4 % 
TSA 2G.O 

The ::>tresses measured by the TSA technique agree well with the results obtained from 

the other techniques. The TSA value is 4% less than the thick-wall theory. In comparison 

with the thick-walled theory. the error observed from the ::>t.rain gauge technique is of 

the order of 8% and the error in the TSA t.echnique is around 4%. This clearly shows 

that t.he rig is providing the expecteel cyclic pressure and that the readings from the 

TSA, although noisy, are giving sufficient ::>ignal to give an accurate value for the cyclic 

stress in the pipe. 
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9.4 Design of the damaged pipe specimen with simulated 

damage 

To test the approach demonstrated in Chapters 7 ami 8 011 pressurised pipework, a pipe 

specimen with surface flaws needed to be fabricated. Steel is the mat.erial considered here 

because most. of t.he pipe\vork in marillt:' induCitries is made from st.eel. A longit.udinal 

crack-like internal surface flaw waCi simulated in the pipe by a part-throngh EDl\I slot. 

As a result of the findings on steel specimen ill CI18pter 7. two flaws of different damage 

severities (alt = 0.2.5 anel alt = 0.75) were chosen. i.e the one t.hat give the millim1ll11 

and maximum heat contribntion from the snb-surf()('(' flaw (see Figure 7.19). As it. is 

not feasible to put the elect.rode illside a cvlilldrical sectioll. t.his specimen was made by 

cutting the pipe in half alollg the pipe axis and thell machilling the EDl\I slot. on t.he 

inner surface of the pipe as shown in Figlll'e 9.13. Cross sect.ional views across the EDl\1 

flaw are also provided in the figure. Finally. the pipe sections were welded t.ogether to 

re-form a pipe specimen with internal surface f-!mvs. Care lIlust be t.akell at t.he weld 

region during the manufacturing process so that llO cliscolltinuity or defect is formed 

that results in a large stress concent.ration ami so a butt weld was used to minilllise t.he 

possibility of this. 

Because the pipe was cut nlld welded back t.ogct her. t.he prior circular shape of the rollllel 

pipe deformed. Therefore, the internal end of the pipe was lllachined to reshape to a 

circular shape. One inherent problem is t.hat there is no standard o-ring size for t.he 

customised pipe diameter. Consequently, the o-rillgs had to be made in-house ami this 

caused the ma.ximum pressure rating to be invalid. Static test was carried out to ellsure 

safety and define the maximum pressure that the pipe atisernbly could withstand. From 

these tests on the damaged pipe, the maxinlllm pressure was approximately 3.5 MPa. 
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FIGURE 9.13: Technical drawing of one section of a damaged pipe specimen 
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9.5 Experimental work 

Experimental procedures and the experimental arrangements for TSA was the same 

as the validation test described in Section 9.3 .2, i.e. the damaged pipe specimen was 

assembled into the fixture shown in F igure 9.14, the specimen surface was cleaned and 

coated with a very thin layer of matt. black pain t to enhance the surface em issivity. 

The cyclic internal pressure load l.6 ± l.3 lVIPa (D.cr = 18 NIPa) was app lied. T he 

thermoelastic da ta were recorded at a resolu tion of approximately 1 ml1l per pixel. T he 

test was carried out at loading frequencies between 0.5 and 8 Hz. The loading frequency 

of 8 Hz is the maximum loading frequency that could be attained with the non-standard 

o-rings. 

End Hose connection 

Internal surface flaws 

FI GURE 9.14: Da rn aged pipe asselllbly 

9.6 Results and discussion 

Figure 9.15 shows a typical contour plot of R-signal and phase data. It can be seen 

that , in general a relatively uniform signa.l dist ribution is observed from t he R-i rnages. 

No sign of internal damage is shown. T he non-uniform contour at the top and bottom 

edges of the specimen was due to the d iscont inui ty of st ress distribu t ion developed from 

the weld path . This is more pronounced when it is observed from t he phase im age. 

To examine the non-adiabatic behaviour in t he thermoelasti c response from the pipe 

section , a series of the thermoelastic images from the midd le sect ion (see F igure 9.15) 

of the pipe ,vere obtained . T he signal magnitude a.nd phase images from difi:'erent. load 

frequencies are provided in Figure 9.16 and F igure 9.17 for the fl aw of a.lt = 0.25 and 

t.he flaw of a.lt = 0.75 respectively. In Figure 9.16 , both the R-images and pha.se images 

across the loading frequencies when alt = 0.25 show very consistent resul ts wit h no 

indication of the damage . This is as expected from F igure 7.19 , hence demonstrating 

th at t he technique can not detect defects of a.lt = 0.25 and less in stee l. 
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FIGU RE 9.1 5: TSA results: R-images across the pipe shown no sign of internal damage 
but phas e image reveals discontinuity at the damage site of t he damage with ali = 0. 75 

In Figure 9.17, there is practically no indication of the damage in the R-image, apart 

from at 8 Hz. However, the presence of the dam age is clearly visible in the p ha..'le 

data. As the frequency is increa..'led the location of the damage is revealed in the pha..'le 

plots. T he non-adiabatic behaviour can be observed clearly from t he phase signal in 

Figure 9.17, which indicates the presence of sub-surface damage . To observe t he effect 

of loading frequency with t he thermoelastic response at t he damage site , a line plot 

across the flaw is shown in Figure 9.18 for each loading frequency. In order to examine 

the trend of the phase data at the middle of the fl aw d ue to t he change of load frequency, 

the value of the phase data at the middle of the fl aw is plott ed together and shown in 

Figure 9.19. It can be seen th at the pha..'le response at the tip of the damage increases 

with loading frequency and becomes constant at 5 Hz. A similar procedure to t hat 

used in Chapter 7 , to obtain the plot of pha..'le data at the middle of the damage site 

against the dimensionless parameter (-y I (t - a)), was carried out and this plot is given in 

Figure 9.20. According to t his dat a, the trend of the curve obtained from a test across a 

r ange of loading frequencies is consistent wit h the fi ndings in Chapter 7 and Chapter 8. 

Here, the curve turns at ,/(t - a) ;::::: 0.7. The R-signal at 8 Hz is subtracted from the 



9.6 Results and discussion 158 

one at 0.5 Hz. The result is shown in Figure 9.21. It can be seen that the contribution 

from the subsurface stress is very difficult to observed in this case. Two main reasons 

can be contributed to this. Firstly the applied load is too small, i.e. only 7% of the yield 

stress. Secondly, the stress distribution across the thickness is not evenly distributed 

and causes more complex situations to this approach. One solution to the former is to 

increase the applied load range. The later requires an in-depth study on the influence 

of nominal stress distribution to the damage zone. However, it can be seen that the 

approach is very promising in that the damage can be observed from the non-adiabatic 

behaviour, i.e. from the phase response. The behaviour of the phRse response a the 

damage is similar to what have been observed ill the previous chapters, i.e. the turning 

point was revealed from a series of tests at variolls loading frequencies. 
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F IGURE 9.16 : Results from TSA from various load freqllencies (with alt = 0.25 ) 
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F IGURE g. 17: Results from TSA from various load freqllencies(with alt = 0.75) 
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FIGURE 9.21: Subtracted R-signal on the steel pipe specimen 

9.7 Conclusions 

A test rig designed for the purposed of applying cyclic pressure to piping component has 

been upgraded and higher quality components have been installed. The rig has been 

validated by testing under both static and dynamic pressures. Static tests showed that 

the desired pressure load can be achieved by adjusting the testing machine control panel 

and that the stresses obtained in the specimen correspond to the loading. The TSA 

results from the cyclic test have been validated against theory and other experimental 

data; an FEA has also confirmed the results. Therefore, it can be concluded that the 

pressure rig is working well with the servo-hydraulic testing machine and can be used 

for investigations of stresses in cylindrical sections using the TSA technique. 

The TSA damage detection on the steel pipes with longitudinal artificial cracks has 

shown that the TSA approach can be used to detect sub-surface damage successfully. 

In this case study, the TSA technique was used to detect the damage of alt = 0.75 

by using the phase data. The characteristic of the thermoelastic effect was similar to 

that found in the idealised damage and flat plate specimen, i.e. a phase shift at the tip 

of the damage that increases with load frequency up to certain level before starting to 

converge, i.e. contribution of sub-surface heat content becomes weaker. The severity 

of the sub-surface flaw can also be qualified by the same approach used in the previous 

chapters. Based on the experimental results, the location of the turning point of phase 
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data is approximately 0.7, which is not. consistent with the findings in the work done on 

the idealised damage (Chapter 7) and the damage in a flat plate (Chapter 8). It can be 

concluded that this value is also dependent on the geomet.ry of the structure which causes 

a nominal radial f;tress distribution through the thickness whereas t.he nominal stref;S 

distribut.ion in the flat plate waf; uniform. However, this initial work has demonstrated 

the potential for TSA to be used on actual pipe structures that experience a fluctuating 

pressure loading. 



Chapter 10 

Recommendations for future work 

10.1 Summary 

The work in this thesis has demonstrated the possibility of using a standard TSA system 

as a damage assessment tool. The study explored the theory behind the TSA and a new 

approach of damage identification and evaluation has been developed. The approach 

exploits non-adiabatic behaviour in the thermoelastic elata to assess the internal stress 

caused by subsurface damage. This enables TSA to be used as a tool to examine sub

surface defects in enclosed structures such as pipes and pressure vessels. In addition, a 

feasibility study on the use of TSA to evaluate the stresses in a GRP Tee-intersection 

pipe section was carried out. In the following sections somc suggestions for future work 

are made based on the findings on this thesis. 

10.2 Damage Assessment In metal 

The next logical step from the work clone on damage evaluation using the non-adiabatic 

thermoelastic effect is to apply the approach to real cracks. It. can be seen that the 

comparison of results between TSA aml FE sirrmlatioll in Chapter 7 shows some dis

agreement at the tip of the slots, particularly on the maximum damage extent. This 

could be caused by the omission of plasticity in the FE simulation. Valuable research 

work would be on the development of a llUllll'rical techllique to include the heat genera

tion component, due to plasticity, which is not reversible. at the crack tip region. As the 

real crack is arbitra.ry in shape and orientation. depending on the structure and stress 

conditious. further study iuto the efFect of these factors 011 the non-adiabatic behaviour 

is also worth pursuing so that the approach can be llsed to detect alld characterise, as 

well as evaluate of the sub-surface damage Oll real structure. 
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In view of the FE simulation of the thermoelastic effect, the FE approach would be much 

simpler if mesh modeller software were available so that a complex structure containing 

crack can be modelled and meshed automatically. Figure 10.1 shows a solid mesh of a 

complex structure containing a crack using ZenCrack software 1 . This will allow quick 

evaluation of the thermoelastic response for a range of different crack dimensions as well 

as crack orientations. This will allow an alternative hybrid technique of using FEA and 

TSA to evaluate crack geometry. 

The current work has demonstrated that it is possible to obtain sub-surface stress in

formation from the thermoelastic response. To fully exploit this it is essential that a 

calibration routine is developed that allows the determination of actual stress values 

from the sub-surface stresses. 

FIGURE 10.1: Example of damage mesh in a complex structure 

1 www.zentech. co. uk/zencrack.htm 
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10.3 Application of damage assessment to pipework 

In Chapter 9 it can be seen how effective the damage assessment approach is when 

used on a real enclosed structure. However, it was speculated that the nominal stresses 

distributed across the pipe thickness plays an essential role in non-adiabatic behaviour 

as well, therefore the effect of nominal stresses across the thickness containing damage 

requires further study. This is because the nominal stress distribution on a pipe section 

in a real pipework is much more complex, due to the complex routing and geometries 

&<; shown in Figure 10.2. The approach could then be extended to evaluate the crack at 

the weld toe of a pipe intersection. 

FIGURE 10 .2: Example of pipework in an engine room 



Chapter 11 

Conclusions 

In this thesis, the TSA technique has been advanced for use as a damage assessment tool. 

A new approach of damage evaluation using TSA has been developed. The approach 

cxploits t.ll(' non-adiabat.ic thermoelastic df('ct., which can be observed via phase data 

from a standard TSA system and used to assess the severity of subsurface daIllage. For 

this purpose, the thermoelastic expression is expressed in terms of a generalised heat 

conduction equation so that it can be used to describe the thermoelastic response in both 

adiabatic and non-adiahatic conditions. An FE sinllllatioll procedure vvas a.lso developed 

in order to simulate the thermoelastic ('[fect under non-adiabatic comlitions. The ap

proach has been validated by comparing experimental test results with the 1l111llerical 

simulation over a range of case studies. The study uf the nun-adiabatic thermoelastic ef

fect shows that for a particular damage extent there ("xits a conciitiun in which the phase 

shift is maximised and this can be useci to ideutify the situation where non-adiabatic 

behaviour starts to reduce. This can be ObSl'l'YCc\ clearly from the plot between phase 

response against the paraIlleter f / (t - a). The case stnciies carried ont 011 typical snrface 

fiaws in fiat plates and internal sub-surbwE:' damage Oll cylillclrical sections show that the 

approach is applicable ill practice. Further analysis of snbsllrface stress was carried out 

to show that. by using this new parameter (! / (t - (])). the tlwrmueiastic data containing 

'non-adiabatic' components can be categorised. Thercf'on\ subtractioIl 1,etween the data 

containing 'more non-adiabatic c:ompollent' from the (llle ccHltaining a 'more adiabatic 

component' is used to evaluate the cOlltributioll of the sub-surface stress allCl that can 

be related to the severity of the sub-surface stress. 

On the application of TSA on the composite pipe intersection, the study shows that 

it is feasible to apply TSA as a stress analysis tool on large composite structures. Al

though the work presented in this thesis does not contain the quantitat.ive stress-strain 

information from the specimens. a comparison of normalised signal from TSA with a 

normalised stress from FEA indicates that TSA can be lIsed to evaluate stress concen

tration on this complex structure. The propos~'ci 'stress factor' technique allows quick 

Hi8 
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evaluation of pipe performance. If a calibration technique around the complex region it; 

available, detailed stress components from TSA can be obtained. 
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A .l Plastic zone size calcula.tion 177 

A.I Plastic zone size calculation 

The plastic zone size in Chapter 7 was calculated using an approximated solu tion of a 

fi ni te width (Hi ) specimen with a centre crack lengt.h (2a.) as shown ill Figure A.l from 

Ref. [24]. 

1 (Kr)2 
T)J ,piane stra ill = - -

67T O"y.9 
(A . I ) 

where O"y is yield st ress of the material, f{, is mode one stress ill tensity factor calculated 

from : 

( Ci ) (Cl) 2 ( Cl ):3 
C = 1 + 0.0256 rv - 1.152 T/T~ + 12.2 T/~ 

(J 

nfffff 

=:::===:::::==::. 

w 

(J 

F IG U R. E A. l: The fillite width cen t re cracked specilllcll 
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A.2 Convergence test of the Finite Element Model 

To assure optimum mesh size of the model, the process of mesh refining was carried out. 

The mesh was refined until the variation in the results is le:,s than a specific value. In 

this analysis, Von-Mises Stress convergence was used. An example of a convergence test 

is shown in Figure A.2. The plot of the maximum Von-l\Iises stress at the notch tip 

converges to a constant value of approximately 170 l\IPa. 
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Convergence test 

170x10· 
NE 

~ 
en en 160x10· Q) 

~ 
Q) 
en 

~ 150x10· 
c 
a 
> 
x ro 

::2: 140x10· 

L-~ __ F_in_e_r~m_eS_h __ -.:; 

130x10· 
model 1 model 2 model 3 model 4 model 5 

I / / / / 
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FIGURE A.2: Convergence test of the model with a/t=O.25 
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Expanded mesh 

Stress Factor 

E F 

E F 

Factor 

FIGURE A.3: Stress factors p lot on the side view of the damage 

A sample of the stress distribu tion in terms of stress factor from FE analys is and TSA 

is given in Figure A.3. The figure shows the mesh density at t he notch is high enough 

to capture the sharp increase of stress at the notch region . 
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A.3 Stress Intensity Factors calculation 

There are a number of welllmown Stress Intensity Factor solutions available for various 

situations. The following solution is for semi-elliptical surface crack in tension as shown 

in Figure A.4 from Ref [58]. A l'vIatlab script file for the calculation is also givpn. 

for 

FIGURE A.4: Diagram for a crack under l'dode I 

K[ = (J Jr-F - - -. 10 fg' (a a c ) 
Q B'c'1,v'Y 

(
CL) Ui5 

Q = 1 + 1.464 ~ 

F = { C1 + C2 (~) 2 + C3 (~) 4} .t~C4fw 

C 1 = 1.1:3 - 0.09 (~) 

0,89 
C) = -0.54 + ---

- 0.2+a/c 

1.0 (fL) 24 0.3 = 0,5 - + 14 1.0 - -
, 0.65+a/c c 

{ ( CL)2} 2 C4 = 1 + 0.1 + 0.35 B (1 - sin('P)) 

(J, 

- < 1 
B 
a - < 1 
c -

c 
vV < 0.25 



A.3 Stress Intensity Factors calculation 

% This is an M-file to be run on matlab 

% Stress Intensity Factors at maximum depth of semi elliptical crack 

% Define Parameters 

sigma=24.97 % nominal stress MPa 

a=2.65 % crack depth 

B=5.3 % thickness 

W=150 % plate width 

c=7 % half crack width 

angle=90 % angle at max SIF max depth 

Phi=angle*pi/180 % change degree to radius 

181 

fw=(sec(((pi*c)/W)*sqrt(a/B)))-O.5 % FUNCTION OF PLATE WIDTH 

fphi=((sin(Phi)-2)+((a/c)-2*cos(Phi)-2))-O.25 % FUNCTION OF ANGLE PHI 

C4=1+(O.1+0.35*(a/B)-2)*(1-sin(Phi))-2 

C3=O.5-(1/(O.65+a/c))+14*(1-a/c)-24 

C2=-O.54+0.89/(O.2+a/c) 

Cl=1.13-0.09*(a/c) 

F=(Cl+C2*(a/B)-2+C3*(a/B)-4)*fphi*C4*fw 

Q=1+1.464*(a/c)-1.65 

K=sigma*sqrt(pi*(a/Q))*F % SIF mode I 
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A.4 Stress-strain data from pressure experiments 

TABLE A.I: Static strain/strcss nH'<lsmcmcnt 

Load Strain (flE) Stress (Pa) 
(kN) SG.1 SG.2 SG.1 SG.2 

1 10 -2.7997 2.06E+06 6.71E+0l 
2 18 -5.9464 3.65E+OG -2.03E+05 
3 26 -9.0931 5.24E+DG --L05E+05 
4 38 -12.2398 7.7~m+06 -3.58E+D5 
5 48 -15.3865 9.77E+06 -4.35E+05 
6 59 -18.5332 1.20E+07 -4.50E+05 
7 68 -21.6799 1.38E+07 -5.90E+05 
8 76 -24.8266 1.54E+07 -7.93E+05 
9 90 -27.9733 1.84E+07 -6.20E+05 

10 100 -31.12 2.04E+07 -6.97E+05 
11 108 -34.2667 2.20E+07 -9.00E+05 
12 121 -37.4134 2.47E+07 -7.90E+05 
13 130 -40.5601 2.65E+07 -9.30E+05 
14 140 -43.7068 2.8GE+07 -1.01E+06 
15 154 -46.8535 3.15E+07 -8.35E+05 
16 163 -50.0002 3.33E+07 -9.75E+05 
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A.5 FEA of a pressurised steel pipe 

Finite Element modelling details can be found in the comments in the code. 

Note: To verify the FE model, an analytical solution is also available for a thick-walled 

shell and pressure vessel. The stress distribution through t.he thickness in a pressurizeci 

thick-walled cylinder with enci caps 1 is calculated by: 

where, the ratio between inner and outer radius is defined by k = To/ri, Pi is the int.ernal 

pressure and T is an arbitrary radius between 7"i and roo 

!============================================================= 

IThis is a modelling of a pipe under pressure test on April 04 !to 

compare with other solutions. !units used in this model: rnm, MPa, 

and Newton 

!============================================================= 

/filnam, pipe_section 

/title, section pipe under pressure /PREP7 

!====define internal and external diameter 

R_IN=75/2 !unit in rnm 

R_OUT=85/2 

! number of division to mesh radius direction 

!number of devision to mesh thickness direction 

LMESH= 8 

EX=207E3 !Young's modulus unit in MPa 

PRXY=0.3 !Poisson ratio 

PRESSURE=3.849 applied pressure unit in MPa, Force/3117 sqrnm. 

! create only a quarter of the cylinder section 

CYL4,0,O,R_IN,0,R_OUT,90 ! model only a quater of the pipe 

!==============control mesh size LSEL,S" ,1,3,2 

Iselect line curves 

LESIZE,ALL, , ,R_mesh 

LSEL,ALL 

LSEL,S",2,4,2 

!select line thickness 

LESIZE,ALL",T_MESH 

LSEL,ALL 

ET,1,PLANE42,1"O", 

I PP Benham, RJ Crawford and CG Al"Illslrong, I'vIcchanics of Engineering Materials. 2nd edition, 
Prentice l-IHll. page :386-:387 



A.5 FEA of a pressurised steel pipe 

I define element type and keyopt(3)=0 for plain stress 

MP,EX,l,EX ! Young's modulus of linear material 

properties 

MP,PRXY,l,PRXY Poisson ratio 

AMESH,ALL 

/SOLU ! Solution section 

ANTYPE,STATIC 

DL, 2" UX,O 

DL,4" UY,O 

SFL,3,PRES,PRESSURE apply pressure on line number 3 in the model 

solve 

HEMElITS 

MAT l·lUI·1 

x 

Mesh of a quater of the pipe section under 
Plain stress condition 

F IGURE A .5: FE lllcsh 

AlISYS 7.0 
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FEA solution of Sl under plain stress : i nternal pressure 

FIGURE A.6: Nodal solution of Sl 

FEA val idation with thick-walled theory 

ANSYS 7.0 
NODAL SOLUTION 
STEP=l 
SUB =1 
TIHE=l 
51 (AVG) 
POlJerGraphlc 9 
EFACET=l 
AVRES=Hat 
DHX =.005809 
SMN =26. 99q 
S}!X =30 . 995 
U 

PRES-NOR}! 

0 
3 . 8q9 
3 . 849 -26 . 994 
27.q38 
27.883 

CJ 28.328 
!jCj 28.772 -29 . 217 
0 29 . 661 
0 30 . 106 
0 30 . 55 
CJ 30.995 

3.849 HPa 

31~---.----'----'----'-----r----.----~==~~==~==~ 
-- FEA 

r0-
n. 

30 
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<J> 

~ 
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~ Thick walled theo 

26.5 L-----L-----L---~L---~----~----~----~----~----~----~ 
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r (mm) 
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FIGURE A.7: hoop stress plot from FEA and theory 
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A.6 Coefficient of thermal expansion 

According to the calculation of Qll and Q22 used in section 3.5 for the GRP pipe llsing 

in the experiment. By using the formulation proposed by Schapery, the coef. of thermal 

expansion in the principal directions of laminar are obtained2 . Then it is necessary to 

transform these values in to the principal stress direction occUlTed on the straight pipe. 

By using the standard tensorial transformation and substitute the symmetriC' winding 

angle from zero to 90 degrees, the relationship between coef. of thermal expansion III 

both directions and winding angle can he plotted ill figure A.S 
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FIGUR.E A.8: Coefficient of t.hermal expallsion 

2.1. 11'1. D1l1ieu-Smith, S. Quinn, R. A. Shcnoi. P . .1. C. L. Read. ilnd S. S . .1. tvloy. Thermoelastic 
st.ress analysis of il GRP tee joint. Applied Composit<~ l\Iatcriab. 4::28:3-.303. 1997. 



A.6 Coefficient of thermal expan!Oion 

A.6.1 Matlab code for plotting CTE 

Ef=80e12; %Young modulus of fibre 

alpha_f=5e-6; %CTE of fibre 

Vf=0.7; % Vol fraction of fibre 

Em=3.5e12; % Young modulus of matrix 

alpha_m=60e-6; % CTE of matrix 

Vm=0.3; % Vol fraction of matrix 

PRf=0.27; %Poisson ratio of fibre 

PRm=0.37; % Poisson ratio of matrix 

PR12=(PRf*Vf)+(PRm*Vm); % Poisson ratio of composite 

alpha_p=((Ef*alpha_f*Vf)+(Em*alpha_m*Vm))/(Ef*Vf+Em*Vm) 

% CTE parallel to fibre direction 

alpha_t=(alpha_f*(1+PRf)*Vf)+(alpha_m*Vm*(1+PRm))-PR12*alpha_p 

% CTE transverse direction 

for i=1:1:90; 

phi=i*pi/180; % winding angle in degree 22.5 

alpha_11=alpha_p*cos(phi)-2+alpha_t*sin(phi)-2; 

alpha_22=alpha_p*sin(phi)-2+alpha_t*cos(phi)-2; 

A11(i,1)=alpha_11 

A22(i,1)=alpha_22 

end 

x=1:90 

plot(x,A11,'b-', x,A22, 'b--');legend('a_1_1', 'a_2_2') 
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A.7 Stress factor approach 

This section provides procedures to evaluate stress factor along the top surface of the 

pipe adopted in section 3.7.1. The example shown here is the procedure to evaluate stress 

factor for the steel pipe (T-05). A comparison with FEA is also given in Figure A.9. 

Procedure to obtain stress factor plot: 

1. The Uncalibratecl signal from TSA is plotted and shown in Figure A.lO (top). 

The figure also shows the linear range, which was used to calculate nominal signal 

(Snom). 

2. A best fit line along the linear region is extrapolated up to the joint region (see 

Figure A.lO (top)). This coulc! be considered as a reference signal due to a linear 

stress condition on an equivalent stTu,'iyht p'iJ!(; subjected to simple bending load. 

3. The stress factor is the ratio between the signal outpllt from TSA and the refereuce 

line created previously. The stress factor is plot in Figure A.10 (bottom). 

The stress factor from experiment is then compared with those evaluated from an FE 

model and shown in Figure A.9. The discrepancy between FEA and TSA at the max

imum stress shown in the figure is caused by the high stress concentratioIl at the weld 

path which cannot be modelled accurately in Cl. simple FEA. 
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Stress Factors plot (Steel) 
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FIGU RE A .9: Stress Factor from TSA and FEA 
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