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Abstract. The extensive use of lightweight advanced composite materials in unmanned aerial 
vehicles (UAVs) drastically increases the sensitivity to both fatigue- and impact-induced dam­
age of their critical structural components (e.g.. wings and tail stabilizers) during service life. 
The spar-to-skin adhesive joints are considered one of the most fatigue sensitive subcompo­
nents of a lightweight UA V composite wing with damage progressively evolving from the 
wing root. This paper presents a comprehensive probabilistic methodology for predicting the 
remaining service life of adhesively-bonded joints in laminated composite structural compo­
nents of UA Vs. Non-destructive evaluation techniques and Bayesian inference are lIsed to (i) 
assess the current state of damage of the system and. (Ii) update the probability dis tribution of 
the damage extent at various locations. A probabilistic model for future loads and a mechan­
ics-based damage model are then used to stochastically propagate damage through the joint. 
Combined local (e.g., exceedance of a critical damage size) and global (e.g.. flutter instability) 
failure criteria are finally used to compute the probability of component failure at fz~ture 
times. The applicability and the partial validation of the proposed methodology are then 
briefly discussed by analyzing the debonding propagation, along a pre-defined adhesive inter­
face, in a simply supported laminated composite beam with solid rectangular cross section, 
subjected to a concentrated load applied at mid-span. A specially developed Eli ler-Bernoulli 
h am finite element with interlaminar slip along the damageable interface is lIsed in combi­
nation with a cohesive zone model to study the fatigue-induced degradation in the adhesive 
muterial. The preliminmy numerical results presented are promisingfor the future validation 
of the methodology. 
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1 INTRODUCTION 

Pro babilistic d sign and risk assessment methodologies fo r commercial, transport and 
fig ht r a ircrafts have been under development by the research communit y fo r a considerable 
time [ 1,2,3], and, more recently, the increasing use of high-perfo rmance lightweight compos­
ite materials is rendering rigorous probabilistic approaches essential. Unmanned aerial ve hi­
cles (UAVs) are a c1ear example of how extensively composite materials can be used in 
aircraft structures, and the absence of a pilot leads to higher levels of damage to lerance in the 
a ir frame. Var ious damage mechanisms can initiate and invisibly propagate to catastrophic 
levels in the most damage-sensitive UA V primary structural compo nents. In particular, the 
spar-to-skin adh s ive joints are recognized as one o f the most fatigue-sens it ive subcompo ­
nents of a lightweight composite UA V wing with the debonding process progress ively evo lv­
ing fro m the wing-root and compromising both local component/subcomponent streng1h and 
global aeroelast ic perfonnance (Bauchau and Loewy [4], and Wang et a!. [5]) . 

T he probabilistic framework for remaining service life predictio n presented in th i. paper 
constitutes a fu rther development and improvement of the methodology presented by the au­
thoni in a previous technical publication [6]. According to this approach, data collected during 
pre- and in-flig ht non-destructive evaluation (NDE) inspections [7] are used to assess the cur­
rent stale of damage of the mon itored structural component (i.e ., damage location, damage 
mec hanism, and damage siz e). Bayesian inference is used to update the jo int probabi lity d is­
tribut ion fu nct ion (pdf) of the damage ext nt at the inspected locations. A load haza rd model 
for fut ure aerodynamic loads and a damage evo lution model are then used to stochast ica lly 
propagate the damage in time. Combined loca I (e.g" exceedance of a critical damage size at a 
damage locat io n) and global (e.g., exceedance of the flutt er boundary, or in itiation o f limit 
cycle osci llat ion (Le O) behavior) failure criteria, similar to those used by Lin et al. [8] and 
Styuart er. al [9], are fmally used to compute the evo lution in t ime of the probability of system 
failu re using well-es tablished system reliability analysis methods [J 0]. 

D ue to the complexity of solving !he full-system problem, this study foc uses on the simpli­
fi ed case of a composite UAV wing with the spar-to-skin adhesive joints as the only po ssible 
damageable subcompone nts. Additiona lly, the debonding along the jo ints is assumed to pro­
gress ively evolve fro m the wing root, and to be purely fatigue-d r iven. T he propagat ion of 
damage along the adhesive interfaces is simulated using a cohesive zone model (CZM) with 
cyclic degradation behavior [ 1 I}, fully embedded in the finite element (FE) mode l of the w ing. 
Validation and calibration of the damage model with experimental fatigue test data is in pro­
gress and preliminary numerical modeling results are presented here in. 

An overview of the proposed prognosis methodology is presented in the next section, and a 
more exhaust ive description of some of its key steps is provided in Sections 3 to 6. These key 
steps are: Bayesian updating of the current state of damage of the mon ito red co mponent, 
probabilistic load hazard analysis, and probabilistic structural response and damage prognosis 
ana lyses. Finally, the FE model being developed tor the CZM calibration and so me prelimi­
nary results, are dL cussed in Section 7. 

2 OVERVIEW OF PROPOSED DAMAGE PROGNOSIS METHODOLOGY 

The flo wchart shown in Figure I illustrates conceptually the process of un ertainty propa­
gation necessary to estimate the remaining service life of a UAV structural component (e .g., 
the UAV w ing) once a new NDE inspection outcome, at time tp, is ava ilable. The inspect ion 
outcome is represented by the measured damage size vector, A~, at the inspected locations at 
time tp. In the first step of the methodology this new information is used to compute the poste­
rior joint pdf o f the .!!ctual (true) damage size vector, A~ , at time tp, condit ional on the mate-
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r ia l ( 0,,,,, ,) and damage model ( 0 D ) parameters, and all the N DE measurements up to time tp, 

deno ted by a~·p l = {a~, a~, ... , an. For sake o f simplic ity, this posterior jo int pdf, giv n in 

fu ll form as !'~~ Ie~, .H r> . A~r (a~ I Om.t' Of) ,a ~·pl), is herea fter denoted f~~le .. ", .0 " (a~ 10rn Ol ' OD), with­
out exp licitly includ ing the dependency on A~·pJ. Mu ltiple damage locations and mu lt iple 
damage mechanisms, evolving simultaneously at a given location, can potent ia lly be consid­
ered by the recursive Bayesian updating procedure used herein. Both damage locations and 
mechanisms are uncertain, due to the inherent imperfections of NDE techn iques; however, as 
a simplifyin g assumption, they are considered deterministic in this study. 

The rando m parameter vector 0
0

1.1, exclusively descri bes the uncertainty in the material 
propert ies used to model the parts of the stmcture w hich are assumed 10 be non-damageable, 
w hile the random vector 0 D quantifies the uncertainty of those parameters that contro l the 
fa tigue-induced material degradation in the pre-identified damageable subcompo ne nts . For 
the specific case studied herein, 0 n>1' defines stiffness and strength par meters of (i) the com­
posite la minated spars, and (ii) the honeycomb-core composite panels of lhe wing-skin, while 
0 D characterize s the mechanical properties of the adhesive interfaces whe re debonding can 
occur-e.g ., mode 1 & mode II crit ical fracture energies, peak shear strength, ultimat opening 
or sliding disp lacements befo re fracture. Since the material properties 0 mat and the adhesive 
interface propert ies 0 0 characterize different materials, 0 mat and 0 D are reasonab ly assumed 
to be statistically independent (s.i.) henceforth. 

T he second step of the damage prognosis methodology, probabilistic load hazard ana lysis, 
detines the jo int pdf of the turbulence and maneuver intensity measures ( IMT ' 1M Yo ), condi­
tio nal on the flight pro file (0]') and the assumed s.i. turbulence ( 0 T ) and maneuver ( 0 \1) 
parameters . T his jo int pdf is denoted by J.MT 'M'I16, (iOlT ,im M 10F) , and is computed by UTlcon­
d it ioning the co nditional pdf J.'\'T I.\".,j @T A"S, (im1 , im M Ie, ,OM ,Or ) with respect to (w .r.t.) the 
parameters 0 , and 0 M (considered s.i. of 0 F ). W ithin the time window (or duty cycfe) 
[t p • tp+I ]-which typically encompasses several flight s- an a-priori unknown number of fl ight 
egme nts (n,), each o f them characterized by a unique altitude of fl ight ( h(k), can occur; 

therefore, 0 1 co llects the flight profile paramet rs (e.g., altit ude of fl ight hlk! , veloc ity of the 
aircra ft Vlk

) relative to the mean stream wind velocity, duration ofk'h flight segment ~lf'J ) for 
each o f the fl ight segments in [tp, tp+I]' as @ F = { 0~), k = 1, ... , n,} . As a direct consequence, 
IMT must be de fi ned probabilistically for each flight segment as IMT = { IM~), ... , lM~I' l 

On the other hand, 1M M can provide information on the mean rate of occurrence of ma­
neuvers, their duration, and the associated peak verticaVgravity load (g-load) on the wings- -

Probabilistic Probabilistic "'\ / Probabilistic " Damage 
Load Hazard Structural Flutter & LCO Prognosis 

Analysis Resp. Analysis Analyses Analysis 

I( im,.1 0, ,0, ) f(a ~ ' I o "~,.o ,, . o) f (dm l' ,10,,,,,,0,,) P[F" 'la''' ] l. , , 

where \ here 
Input f (im" IO"O,,) 11= {a: .im.O, } d -I p OI ., }. p[F"" 1 ." I Decision mp ,- a J : vF.LtO ( J.J vr,l nJ 

Information 
+ + + + 

Making 

/ "( a"IO • ,0,» l(iml o, ) Lower & Upper Per/arm 

f (aZ"IO "" ,Oo) r(dm • .; ) Bound for Maintenance -------- -- ------ where "'-Rep-facc- '-
5 T ,@,,· 0 , • J' • } P[FI" ') Im= \lmr ·lm" ~~"5 Component 

pdf of System Joint pdf of ') 

Ti me t=tp s .i. Turbulence Response (A;+' ) Damage Sizes, 
Probabili ty of p[p' j > p' 

and Maneuver Conditional on flutter, and LeO System Failure, p 'l - r 

Hazard Models 
" e,n:" and e l) ./ , Velocities at tp+J.) p[ ;::: 'j . at tp +l 

Figure I: Overview of proposed Jamage prognosis methodology for remaining life prediction 
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as first approximation, a maneuver-induced load can in fact be thought as an increment (posi­
tive or negative) of g-Ioad [12]. Furthermore, especia lly for fighter and UAV aircrafts, the oc­
currence of a maneuver can be reasonably conside red s. i. of the atmospheric tmbulence leve l 
(i.e., IMT and IMM are s.i.). These two intensity measures, combined t geth r, are then used 
as dr iving sources of uncertainty for computing the aerodynamic load characteristics. 

In the third step of the proposed methodology, namely probabilistic , lnlChJral response 
analysis, the conditional pdf of the structural response of the system- in terms of the damage 
s ize v clor ( A ~~ ') at time tp+l-is computed through extensive Monte Carlo (MC) simulations. 
This pdf, conditional on 0 ma, , 0 0 , and all the previous NDE outcomes al~.p (no t explicitly 
inc:!uded in ~e notation), is denoted by ! A; 'le ... . 0

D 
(a~~1 18 m." , Do). It is worth noting that 

fA""I~"",.8n (a~ 10ma, ' 00) cannot be unconditioned with respect to Om", and 0 0 , at this stage of 
Ih uncertainly propagation p rocess, since these conditioning variables are used explicitly in the 
next analytical step of the methodology as outlined below. The final outcome of tllis third step 
is also used as prior infonnation for the next Bayesian updating, as the next NDE inspect ion 
outcome ( a~l ) becomes available at time tP+l. 

The fourth step, namely probabilistic flutter & LCO analyses, est imates the joint pdf of the 
damage size vector (A~+ '), the flutter velocity ( Vrl 

), and the vector of LCO velocities ( V~~;)) 
at time t~l-i.e., the joint pdffl>M ,(dm p,,) = !\,,'yr" v'" ( a ~+ I,v~·I, vr~~ ) of the random 

t-' p . .. ' ~ , ~ L O 

vector DM p+1 = { A~- ', Vr ', Vl';~ } = { A~+J , V:'~~o} . This· pdf contains both local (through 
A~ " ) and global (through W.:~o) damage-related information and can be derived by uncondi­
t iorring th conditional pdfs i V,';;'oi" '.- '.Hm,,0D (v ~~~colar' , ema,,90) and f<\~ I!I-),N, tlJ a ~+ JI Orna,, 9D) 
W.Lt. G n,., and e o, and then using the conditional probability theorem. 

Once this infonnation is available, the probability o f systemfaifure at time tp ' I, P [ F,~: ' l, can 
be estimated through a combination of well-established component- and system-n:liabili ty 
analysis methods. This task is performed in the fifth, and last, tep of the framework , name ly 
damage progno sis, through three sub-steps: (i) computalion of the cond itional component (or 
modal) failure probabilities, p[ Fell a~+'l (with i = 1, ... , N L ) and p[ F6.';' I v~~~co I (with 
i = 1, ... , N , ), associated with each of the N L 10cal and N G Qlobal conditional failure modes, 
respectively; (ii) computation of the unconditional modal failure probabilities, p[ Fe; J I and 
p[ F~~' l by unconditioning the tenns p[ Fe I atl] and p[ F6~J I v~ :~co I W.r. t. A:; ' and Vf: L~()' re­
spectively; and (iii) computation of lower and upper bounds for P [ F~: 'l by abstracting the U A V 
wing as a s ries system (i.e., a system that fails if any of its "reliability" components fails). 

hese concepts, outlined above, are described in detail in Sect ion 6. 
Using the assu mptions stated, and the notation dP [X l =p[x< X ~ x + aXl =jx(x) d"( , 

dP [X.Y] = P[x < X ~ x+ dx ny < Y ~ y + dy]= J,y(x,y)dxdy, and dP[Xlz] = dP [XIZ=z]= 
P[x < X ~ x+d\"IZ= zl=fxlz(xlz)d"(, the probability of system failure at time tp+1 can be 
conceptually obta ined by taking advantage of the total probability theorem (T PT) multiple 
times in a nested fashion, as 

p[ F~:'l= r p[ F~:'I DM ~,l dP[DMp~l= I J prF~:'IA~-" V~i~o] dP [ A ~-"Vt:~ o l , (1) 
D~l p . 1 I~ ~ I vr.~~u . 

where the term dP[ Ar', Vf,:::O I can be expressed as 

dP[ A~ ' ,VrL~O 1= J .r dP[ v:.:::oIA~+' ,0 md,,00 ]dP[ A~" j0ma,, 0 0 ]dP[0m,, ]dP[0 0], (2) 
9 m..t1. A D 

and the quantity dP[A~+110mdP 00 J can be computed by unco nditioning the cond it iona l prob­
ab ility dP[ A :.""I @ ma, ' @0,A~,lM,0fl with respect to A~, 1M ,0"' and account ing for the 
fact that A~ is s.i. of both 1M and 0 F , as 
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dP[ A~ 1 10 rnal' 0 D ] = J J J dP[ A~+ 1 1 0 mat' 0 D , A~ , 1M ,0 F ]dPl/[ A~ l0 mat ' 0 D ]dP[ 1M I0F I dP[0 F ] . 

A~ 11\'1 <:tF 

(3) 

Finally, the term dP[IM I9 F 1, which characterizes the future turbu lence- and maneuver­
induced loads in [t p, t p_ I ], can be written as the product of two s.i. terms, as 

(4) 

3 PROBABILISTIC ASSESSMENT OF CURRENT STATE OF DAMAGE 

Info nnation on the current structural integrity of the UA V wing is assumed to be prov ided 
by cont inuous in-flight monitoring as well as more sophisticated and accurate (but less fre­
quent) pre-fl ight inspections; both need therefore to be characterized probabilistically in order 
to assess the ir re liability and fide lity. The following three assumptions are made: (i) An NDE 
inspection can detect, locate, classify, and quantify (e.g., using an equiva lent damage size) the 
extent of damage; (ii) The conditiona l inspection results ( i.e., the measured extents of damage, 
A~ , conditional on the actual damage sizes, A~) at the inspected locations, at time tp, are s. i. 
event s; (iii) The uncertainty in the measured extent of damage, for a given NDE technique, de­
pends on both locat ion and damage mechanism. These sources of uncertainty are accounted for 
by the fo llowing damage-siz measurement model, used by Zhang and Mahadevan [13]: 

A (i.j.p) (A (i.j.p) = a li.j.P)) = 0.. + r:l a li.j.p) + E 
m a a lJ t-JIJ a IJ ' 

(5) 

where A~i,jp) and A~j,P) (both considered as random variables) are resp ctively th £!ctua l and 
the measured damage s izes for damage location i, damage mechanism j, at tim Ip; a ~I , j.P ) de­
notes a part icular rea lization/value of the l!ctual (and unknown) damage size; o.ij and ~ ij are 
the co ffic ients of the (assumed) linear model accounting for systematic errors, intrinsic of the 
NDE technique employed; and Eij ~ N(O,(Jc,) is the random measurement error assumed to be 
Gaussian distributed with zero-mean and standard deviation (Jell' and indep endent of the true 
damage size [1 3]. The quantities aij, ~ij, and (J"Jare unknown and have to be estimated-for 
the particular model shown in Eq uation (5)- through a linear regress ion analys is on a given 
set of known damage sizes, on which several measurements are performed in a contro lled en­
vironment. The estimated linear regression coefficients and standard deviatio n of the random 
erro r are respec tive ly denoted aij , ~ij' and <\)' Once aij and ~ij are determined, fo r a palt icu­
lar (i ,j ,p) combination, the estimated mean model response /L~·JX) , condit ional on the tme 
damage size a~i,j,P), can then be derived from Equation (5) and expr~ssed as 

(iY j,P) = a + ~ .. ali,J,P) . 
A m I lJ 1.1 a 

(6 ) 

From Equations (5) and (6), it is then possib le to compute the pdf of the measured damage 
s ize A~~·j · P), conditiona l on the true damage size A~i,j,p), as 

(7) 

and subsequent ly, fro m Equatio n (7), derive the relationship betwe n the estimated mod [ pa­
ra meters (a ij , ~Jj' <\J) and the Probability Of Detection (POD) curve, as 

5 
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(8) 

where (1) (-) is the Standard Normal Cumulative Distribution Function (CDF). As clarified 
later in this section, Equation (7) is used to update the joint pdf of the damage size vector ( A ~ ) 
when the NDE inspection is capable of both detecting and measur ing a certain fl aw, while 
Equation (8) is employed when the NDE technique can only detect a ce rtain flaw w ithout 
quantifying its size ( i.c., the N DE output is a binary state of damage). These considerat ions 
are also conceptually illust rated in Figure 2. 

f (i j", (a""'" la"J·,)) 
-" 1;1 '\' m ~1 ,. 

, 

, , , , 
, 

PND(a(,j·P)) = 1- POD (a"""') 
.I i J) 

(Probability of Non Detection) 

(a) 

l.0 - -- - - - - -- - - - - - - -----.:.--~-~"'!"'"-

POD( ariJP1
) =J':)'I'."" ( al~"' l a'i" "J' da"" " 11 A .tl.."\ , m "I m 

. , 

FCP = POD( a ~JO'= 0) 

(False Call Probability) 

(b) 

Figure 2: (a) Damage-size measurement model; (b) Example of corresponding POD curve 

The Bayesian updating of the pdf of the damage size vector A; at time tp is based o n pre­
vio us work do ne by Zhang and Mahadevan [13], and Zheng and E ll ingwood [14]. Th is updat­
ing process can be either performed independently for each inspected location and damage 
mechanism, as pro posed by Lin et al. [8], or, more accurately and elliciently, by updating the 
ent ire prior jo int pdf, f~P G G (a~lam",aD)' obtained from the numerical simulatio ns per­
fo rmed during the previous t'~~ window [t p_l , tp]. Using Bayes' theorem, the posterior pdf­

deno ted f~~ 19"_ elJ (a~ 10m,,' aD )-can be derived as 

!"~le_ t;D.A~ ,) ( a; I e ,,1.0,' eD' a~'PJ) (X L (a; la~) !\:~" ' ''D " ~, ,.. >1 ( a~ I Orr",,' B D' a ~J',P- IJ) , (9) 

and. assum ing that conditional measurements outcom s-at the same (or di fferent) damage 
locat ion(s) and for the same (or different) damage mechanism(s)- are s.i. events, then Fqua­
tion (9) can he rewritten as 

6 
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where, N ~ is the number of inspected locations at time tp (with N ~ ~ N L' and L represent­
ing the total number of inspected locations up to time tp), NT is the number of detectable 
damage mechanisms at location i, and M~ is the number of measurements performed at time 
tp, at location i, for damage mechanism j. Furthermore, the vector A ;' = { A;irl, i = I, ... , N L} 
- w ith A ~i.p) = { A~i.J.pl, j = I , .. . , N 1, }- represents the collection of a ll the true damage sizes, 
while the vector AP={A~Pl,i=I , ... ,Nn-with A~P)={A~JP),j = I , .. . ,NT,} and A~~J·P)= 
{ N ")'p) k = I M PJ-collects the NDE measurements at time t Finally L (a(i j .P) I a (I J .P)) rn " ' , ... , IJ ~ p.. , a m. 
represents the likelihood functio n of a~ij.p) once the klh measurement a~~'P) becomes avai lable. 
It should be noted that: (i) the equality L (a~ la~~'p)) = L ( a ~,j·P) I a~~'P)) is a d irect consequence 
of the mode l used in Equation (S), and (ii) the mathematical form o f the likelihood fu nction 
depends on the measurement outcome, as 

( II) 

where the mathemat ical condition a~:'P)= 0 (for the klh measurement) is equ ivalent to the 
event "damage not detected" fo r a given (ij,p) combination. It must also be mentioned that: (i) 
the init ia l (i.e., before the first inspection) damage-size pdf model for f~o ( a~) and it s distribu­
tion parameters are chosen on the basis of engineering judgment, as po inted out also by Lin et 
af. [8], and (ii) the compo nents of the random vector A~ , at time to, can be reasonably cons id­
ered stat istically uncorrelated to each other, and s.i. of e mat and 0 0 , Both Lognorma l and Ex­
po nent ia l pdfmodels are possible and reasonable choices for f~?(a~). 

3.1 Application example of proposed recursive Bayesian updating scheme 

A simple app licat io n xample of the proposed recursive Bayesian updating scheme, for the 
particu lar case o f only two damage locations with the same damage mechanism evo lving in 
time, is now presented. The actual damage sizes, at the two locat io ns, are respective ly denoted 
A~, [) and A~2), and are assumed to be distributed according to a join t Lognormal pd f whose 
distr ibution parameters (i.e., mean j..l, standard deviation cr, and corre lation coefficient p) are 
report ed ill the fir st line of Table I. This distribution is defined over the unbounded domain, 
[0, +(0 ) x [0, +x) ; thus, in order to numerically app ly Equation (l 0), A~I) and A:2) were de­
fined over the bounded domain [0,100] x [0, 100] mm", with the assumption tha t the probability 
content o f the Lognormal pdf can be considered negligib le outside of these lim its . T he erro r in 
the compu ted mean and covariance matrix of the truncated Lognormal pdf, introduced by this 
approximat ion, can be inferred from Table I; the larger relative error is associated with the 
computed standard deviations of A~') and A~2) (i.e., a A'," and a "l ~" )' and is of the order of 2%. 

Two different damage scenarios were then considered : one with A~')= A:,") = O.S mm. and 
a second one where the tm e damage sizes were set as A~I)= 2.S mm and A~2 ) = 2.0 mm. For 
each case, two series o f twenty measurements (herein co llected in the vec to rs A~~ ) , A ~~) were 
simu lated, a t both locations, using the mode l shown in Equation (6) and the parameters 
aiJ = -1.8mm, ~ij = 1.2 mm , and c,<,,= I.Smm (with i=l, 2, and j known a priori) . The 
measurements A~,~) and A~~) are assumed to be taken at time tp (the idea l case), or, more real­
ist ically, duri ng a time w indow much shorter than the characteristic time scale o f the damage 
evolut ion process. This assumption allows the influence of e m"t and e o on A;I) and N ,21 to 
be negl ected . T he poster ior pdfs, co mputed from Equat ion (10) by e ither us ing only the 
measurement data A~) or both A~) and A~), are shown in Figure 3 and Figure 4, fo r the two 
damage scenarios considered. It can be noticed, especially for the fi rst damage case 
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(A( II=AI2)= O.5mm), how the statistical correlation in the initial prior pd f allows the uncer-, a 

tainty associated with A;21 to be narrowed down, even when on ly the measured data A~I are 
used in the updating process. The initial standard deviation of 2.93 mm is in fact reduced to 
0.36 mm in the tirst damage case, and to 1.35 mm in the second one. Additionally, the statisti-
al corre lation in th posterior pdf depends on the offset of the true damage W.r.t. the region 

where the initial prior pdf has its highest probability content. The larger the offset, the more 
predominant the influence of the likelihood function over the prior knowledge. For this reason, 
in the second damage scenario the posterior pdf is characterized by a negligible correlation 
co fficient, and can be approximated by a bivariate Gaussian distribution. 

Prior pdf !-LA ~I I [mm] !-LA;" Imm] iT,~I) [mm] iT A',' 1 [mm] p A~I' ,A~~1 

Target 3.00 2.00 4.00 3 .00 0.70 
Truncated 2.99 2.00 3.91 2.93 0.70 

Table I: Distribution parameters of the target and the truncated joint prior Lognormal pdfs 

True Damage Measurements IL,<" [mm] J.lA ~'J [mm) iT A;') [mml iT A ~" [nun 1 p }-\ ~il . A ~~) 

A;II= 0.5 nun 20 @A;II 0.43 0.40 0.22 0. 36 0.48 
A(21- 0 5 nun . - . 20 @ A~II & A;2) 0.52 0.61 0.22 0.30 0.39 

A;I)=2.5mm 20 @ A;I) 2.53 1.84 0.14 1.35 0.07 

A (21 = 2.0nun 20 @ A;I) & A;21 2.53 1.78 0.14 0.15 0.01 
" 
Table 2: Distribution parameters of the posterior pdfs after the recursive Bayesian updating procedure 

Prior Joint Lognormal pdt Postenor pdt - uSing only A~ Postenor pdt - using A~ and A~ 

3 -

) , 

1 2 2 2: 

A~) [mm] A~21 [mm] A~21 [mm] 

Figure 3: Prior and posterior pdfs for the damage case A;'I= A;21= O.5mm 

Prior Joint Lognormal pdf Posterior pdt - using only A~ Posterior pdt - using A~ and A~ 

'1-
1 

• • 
, , 

o~- 0 
2 0 2 0 1 2 

A~21 [mm] A~21 [mml A~21 [mm] 

Figure 4: Prior and posterior pdfs for the damage case A~'I = 2.5 mm, A;-I= 2.0 mm 
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4 PROBABILISTIC LOAD HAZA RD ANALYSIS 

Two types of external actions are considered to primarily contribute to the damage accu­
mulation process in the ad hesive joints of a UAV wing: turbulence- and maneuver-induced 
tmlds. Turbu lence is viewed as a zero-mean, isotropic, stationary (in t ime), and ho mogeneous 
( in space) Gaussian random velocity field, as discussed by Hoblit [15], and Van Staveren [16]. 
Its inten ity measure ( IM ~)), during the klh fli ght segment in the time window [t p, tp .. tl , is set 
to be the root-mean-square (RMS) of the atmospheric turbulence velocity field ('E;\~·I). This 
quantity is characterized by the conditional pdf 

where Po (hit!), PI (h1k)), P2 (h(k)) , b l (h 1k)), and b2 (h(k)) are altitude-dependent distributio n pa­
rameters collec ted in the vector 0 T , 6 (J¢)) is the Dirac delta, and the addi tional constraint, 
Po (h(k)) = I - PI (h (k)) - P2 (h(k)) , is used to guarantee that f r:,~ , 9, .a:" (J~k) 16T , 61

; )) is a proper pdf. 
Typica l values for the turbulence distribution parameters are suggested by the Federa l Aviation 
Regulations (fAR), and examples are shown in Figure 5. It is w rth no ting that 2:~) is statisti­
cally dependent on 0~) exclusively through hlk

) , and, as mentioned previously, the info nnation 
on IM~) and e~), for each flight segment, is collected in IMT ={lM~) , ... , IM ~· )} and 
0 F = {0~), k = 1, ... , n,}, respectively. The first contribution in the right-hand-side (RHS) of 
Equatio n (12), PO(hlk))6(J~k)), is normally referred to as quiet air, the eco nd as non-stann tur­
bulence, and the third as storm turbulence. 
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Figure 5. Comparison between the turbulence distribution parameters suggested by the FAR and those 
experimentally derived from f1ight data on a Boeing 737 (B-737) aircraft: (a) bl and~; (b) PI and P2• 

Von Karman or Dryden turbulence ve locity spectra may then be used, as detailed in refer­
ence [16] to stochastically realize 1-, 2-, or 3-D (spatially correlated) turbulence velocity fields 
for each flight segment. The generated turbulence paths are subsequently employed, together 
w ith the remaining flight profile information stored in 0 f - e.g., { V !k), k= I, ... ,n,} and 
{L). tlk

), k = I, ... , n,} -to generate the turbulence-induced time history loading input in [tp, tp I]. 
M aneuver-induced loads on a UA V wing can instead be specifi ed, as a first approximatio n, 

by probab ility-of-exceedance curves of the vert ical load-factor (g )--assumed to be constant 
during the entire tim e of a generic maneuver- a long with the mean rate of occurrence of a 
maneuver per flight-hour (Ag) and the probability distribution of maneuver-durati ns. All 
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these data are generally derived from in-flight measurements taken from similar aircrafts on 
s imi lar mission profi les, and are herein collected in the random vector 1M ).!. Homogeneous 
or non-homogeneous Poisson rectangular pulse processes [17] can be used to generate the 
maneuver-induced time history loading input. As stated earlier, it is assumed that the probabil­
istic descript ion of a maneuver is s.i. of the level of turbu lence-a reasonable assu mption for 
UAVs which do not have an onboard piiot to react to real- time flight loads. 

5 PROBABlLlSTlC STRUCTU RA L RES PONSE ANALYSlS 

O nce the loading input is determined, the conditional pdf of the structural response o f the 

system ( A~+ ' ) at time tp+l, f\~ 'Ia~, .a
D 
(ar l 

1 9ma" 9D ), is computed through extensive Y1C simu­
lations during which the random vectors A~, 1M , and G F are simulated according to their 
pdf s·- i.e., f~~ le~,eJa~19ma,,9D), J.MI8, (im I9 F ) , and ftJr (9F ). For this scope, a CZM for 
simulating the fat igue-induced damage in the adhesive joints was developed on the basis o f 
prev ious work carried out by Nguyen et at. [ I I ], Koutsourelakis et at. [ 18], and Tippetts and 
Hemez [1 9]. The model is characterized by (i) an envelope response, followed during mono­
tonic loading conditions; (ii) a linear elastic unloading behavior "towards the origin", which 
prevents the possibility of having any residual displacement; and (iii) a progressively degrad­
ing reload ing consti tutive relationship, accounting for fatigue-induced damage dur ing cycling 
loading, when the CZM response evolves under the envelope. The (no rmal and tangent ia l) 
CZM traction-separation e nvelope curves, at a generic location/point (P) of the adhesive inter­
face, can be expressed by the matrix Equation 

I
E 

T( v,A.) = EAv = On 
OJ' [1-AH(vn)f 

E, ° ° jv" 1 
(I-A)" v,J' 

( 13) 

In this Equation, T( V, A. )= {Tn (v,A.), T, (V, A.)}T is the cohesive traction vector, at po int P, w ith 
its components along the normal (n) and tangential (t) direct ions, W.r.t. the local tangent plane 
of the adhesive interface at po int P. The quantit ies Vn = un/o ne and v, = u /o ,c = ~ (u/onJ are 
the no nn al and tangential relative d isplacements of the interface (i.e., di fference between the 
displacements o f the upper and lower adherends), norma lized by their corresponding cr it ica l 
values One and Ote (i.e., the values beyond which the cohesive strength van ishes), w ith 
~ = on/0tc being the ratio between normal and tangential critical relative d isplacements. The 
two ratios K~ = [aTn lau n L" 0 = En lOne and K?= [aT,Iau, L, 0 = E ,Io,c are th initial normal 
and tangential) st iffuesses of the adhesive interface, while 1. = max " [vnH(vn )]"+ lv,l" is a 
history-dependent damage evolu tion parameter, which intrinsicady'takes into account the in­
stantaneous mode ratio during the whole fracture process in [O,t] . Finally H(· ) i:s the 
Heaviside function, a is a material dependent parameter (2:::; fJ. ~ 4) account ing for the in ter­
action b tween the three modes of fracture, and y is a shape parameter of the CZM envelope. 

It is possible to show, through some algebra (not included herein since it is beyond the scope 
o f tb is article), that the proposed CZM formulation satisfies the well-established fa ilure criterion 

o a 0. 

[ G ~ J2 + (G ~I J2 + [G ~II J2 = I , 
G, G il G ill 

( 14) 

based on linear elastic fracture mechanics (LEFM) principles (Alfano and Cris fie ld, [20]). 
Add itio na lly, fo r the particular CZM adopted, the tlu-ee critical energy release ra tes, are re­
lated to each other as 
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Gc -Go _ G ~ 
11- 111 - -' ( 15) 

~ 

which translate into the fact that mode 11 (forward shear mode) and mode 111 (Ant i plane shear 
mode) are ind istinguishable. According again to LEFM principles, G ~ and G~I must be equal 
to the area enclosed by the eZM envelope curves under pure mode 1 (i.e., u, = 0) and pure 
mode 11 (i.e., u n = 0), respectively. 

The evo lution of the cohesive trac tions at a generic location/point (P) of the adhesive inter­
face , during the unloading and reloading steps under the e ZM envelope [11][ 18], is go erned 
by the rate Equations 

ifti <0 
I (i=n,t) , 

ifu;>O 
( 16) 

where the index i= n reters to the normal directio n (i,e., normal to the local tangent p lane of 
the adhesive interface at P), while i = t refers to the tangent ial direction ( i.e. , the projec tion 
onto the local tangent plane). The normal, and tangential, unloading ( K~, K~), and reload ing 
( K~, K; ) stiffnes ses in Equation (16) are assumed to evolve according to 

KU=T lu 
, I I 

( 17) Kr=_~ Krti 
I 8

r 
I I 

( 18) 

where Of is a characteristic opening displacement requiring exper imental calibrat ion. 
Figure 6 provides a pair o f simple examples to visualize the eZM envelope curves and the 

degrad ing responses under cyclic loading for the special cases of pure mode 1 and pure mode 
11 fracture processes. 
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6 DAMAGE PROGNOSIS ANALYSIS 

T he last step of the proposed reliability framewo rk-damage prognosis-can be carr ied 
out in thIe sub-steps by (i) using the previously computed (in the probabilistic fl utter & LCO 
analyses step) joint pdf IDM, 1 (tl mp+l) = !,~ 1 . \I'c~ o (a~~I, vr~co), and (ii) de fin ing appropriate 
limit-states (or damage-states) capable of accounting for both local and global potential failures. 
Th rea l structura l system is, in this step, abstracted to a co llection o f reliabili ty components 
linked togeth r. Each reliability component is associated with a singl limit-state (d rmed by 
a sing le mathematical function) and it is considered failed when the associated limit- tate is 
rea hed or exceeded. This event does not necessarily reflect a physical failure . 

For the simplest case in which uni-modal bounds have to be determin ed, the three sub­
steps can be described as follows. The first step invo lves computing the condit ional ompo­
nent fa ilure probabi lity for each (local and g lobal) reliability compo nent (or failure mode) 
cons idered . A local failure mode is associated with the pdf of A~- I and the t"ide lity o f the 
NDE technique, while a global failure mode considers the uncer ta inty in the rando m vector 
Vt\~o . As a d irect consequence, the total number oflocal failure modes is equal to the d imen­
sio'n o f the damage s ize vector A~"' (denoted N A), whereas the number of glo ba l fa ilure 
modes ( NG) is equal to the . ize of the random vector Vr~~o. In general, mult ip le damage 
mechanisms can evolve simultaneously at the same location, and therefore N" i ( in general ) 
larger tha n the number of inspected locations, N v In order to simpl ify the pro blem, ho wever, 
only the fa ilure mode (i.e., damage mechanism) with the highest failure probability is ret ained, 
at each location, in the subsequent system reliability analysis. The fina l number o f reliability 
components considered is therefore equal to N L + N G' and the corresponding cond itio nal local 
and global failure probabilities are denoted p[ Ft~llarll (with i = I, .. . , N L ), and p[ Fr/l v ~~~lo l 
(with i ~ I, ... , N G ). III the second sub-step these conditiona l failure pro babilities are unco n­
tined W.r.t. A;" and V~:~o, respectively, and the two outcomes are denoted p[ Ft~ l ] and 
p[Ft,~ ' l . Finally, the third step involves the computation of lower and upper bounds for the 
pr bability o f systemlailure, P [ F,~; 'l, by considering the UAV wing as a series system. 

The probability of failure, for a generic local failure mode (i.e., a generic detectable dam­
age mechanism, j, evolving at a generic monitored damage location, i) at time tpol ' is denoted 
p! Fen. It is evaluated according to Equation (19), and its graphical interpre tation is depic ted 
in f 'igure 7-a. This quantity represents the probability that the damage size, A~i .jp+ 1I , is greater 
than a pre-d fi ned crit ica l damage size (an and that the outcome of an NDE inspect ion (per­
fo rmed at time t p+,) is less than a~ [8]. It is worth noting that a~ depends on both the location 
and the type of damage, and its magnitude is governed by res idual strength and da mage 
propagation stability considerations-generally der ived from coupon test data. Strictly speak­
ing, a~ should be considered as well as a random variable, b ut , in this study, it is treated de­
terminist ically. 

p[fP+1 ] = P[(A(i.i.P+II > aij)n(A(i.j.P+II < aii )] 
lou a - c m c 

= J J (a(i.j,P+II '(I.j.p+l) 0- )da1i,j.P+11 I (a(i.j.P+II)dali.j,P"1 
tp m ,tAOlIA~"<:'J m A ~'J · r l' a a 

a ~ ~(" 

" '- a,j-(ii.+pa(i.).P)) 
= J <1> C I) I) a f . (ali.j.P+I)) da(I.J.P+li 

'" All ' r I ) lJ. ~ 

IJ cr (.. oJ 

a, 'J 

(19) 

.. . \(.. 

= In p[ FP+ll a(i.j.P+11]1 (a (i.j.p+I)) da (1.J.p+1 I 
L,lj a A.~ ' J 1'1 I, a a 

lJ. ~ 
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V MAX 

--+-----------+I ------~VF 

fv;"v"J v~" . v""" ) = f vr'( v~' I ) Iv,,) V".\X ) 

(a) (b) 

Figure 7. Failure domains according to the local and global failure criteria, respectively: (a) Exceedance of 
the critical damage size for a given damage location and damage mechanism; (b) Exceedance of the flutter 
speed, at a given future time (tp+l ), after damage propagation. 

On the other hand the global failure criterion considers the system to be failed when the maxi­
mum operationa l aircraft velocity (YMAX ) exceeds either the reduced (due to damage) flutter 
( Vt' I ) , or any component of the LCO velocities vector (Vl~6 ), at time t p' I ' The quant ity Y ,lAX 
can be probabilistically described by the extreme value type I (Gumbel) distr ibution (Styuart et al., 
[9]), whereas the joint pdf of yr l and V[~6, fvr ' v[(0 (V ~+ l, v~~ ) = f\'tL~o (v ~~~co), can be nu­
merica lly computed through several flutter and LCO analyses. In this study, YMAX is considered 
to be s.i. of both yr 1 and V[~6 -a reasonable assumption for UA Ys because of the lack of an 
actua l onboard pilot. Equation (20) and F igure 7-b show how this second contribution ( p[Fr, ' ]), 
to the total probability of system failure ( P [F0~ 1 1 ), is computed for the part icular case in which the 
exceedance oflhe flutter velocity is considered as global failure mode. Similar expressions can be 
Llsed when any component of VE~6 is considered. 

p[p't l L p [Y > yP+lj= f [1- F (vP+!)] r. (vr+
l) dvP+1 

Vr r MAX - f, V:-.tAX F J vr IFF 
(20) 

v' I 
f 

Once a ll (local and global) fa ilure modes have been analyzed, and their corresponding fa il­
ure probabilities computed, it is possible to derive a lower and an upp r bound for the prob­
ability f system failure, p [F~:I ], by considering the UA y wing as a seri s system a ' shown 
in Figure 8 below: 

NL Predominant Local Failure Modes NG Global Failure Modes 

~ ~ 
~ ~ 

Figure 8. Conceptual representation of the UA V wing as a series system. 

The key assumption in this fmal step, is that the evolution of multiple fai lure mechanisms, at 
the same damage location, is considered to be a fully correlated process . Therefo re, only the 
failure mode with the highest probability of failure (pf~I) , herein referred to as predominant 
loealfailure mode, is retained in the system reliability ana lysis and expressed as 

(21 ) 
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T hen, uni-modal Ditlevsen' s bou nds [10] for p [ F,~; I ], are defined as 

N t. oj NG 1 p+1 if I < i N 
m~x (p;+I) ::;p [ Fs~ll ~ l- n (t_p;~I), wherep;+I = PL;~I'f - - L (22) 

I - I Po.; 1 N L < i ~ N L + No 

where NL represents the total number of mo nitored locations up to t ime t p , Nc; the total 
number of global (aeroelastic) failure modes cons idered, and P6~,1 the modal probability of 
fa ilure according to the i-NL global failure mode. If a narrower confidence interval for 
p[F~: ' l is needed, then bi-modal D itlevsen's bounds can be used. These bounds are much 
more difficu lt to compute and they are not discussed in this paper. 

7 VALIDATION STRATEGY FOR THE PROPOSED FRAMEWORK 

One of the key issues towards the success ful application of the proposed damage prognosis 
methodology is represented by it s validation with exper imental test data on either the real 
structure (i.e., a UA V wing for the specific case presented herein) or a simpler, and more con­
tro llable, test structure . A crucial point in performing this task is constituted by the nee ssity 
of ca librating and va lidating the damage evolution mode l (i.e., th ClM) used in the probabil­
istic structural analysis step to simulate the debonding evolution along th spar-to-skin adhe­
s ive jo ints. The crit ical fracture energies ( G ~ and G~I ) and the fatigue-re lated degradat ion 
param ler ( ,sf ) need therefore to be determined on the basis o f experimental (static and fa­
tigu ) test data . However, the significant predominance of mode Ilfracture in tbe debonding 
evo lution process along the spar-to-skin adhesive joints of a UAV wing, allows the influence 
of mode I fracture (and thus o f G~) to be disregarded from both the experimenta l and numeri­
cal mode ling perspectives. 

A series of end-notched flexure (EN F) static test -conform ing with ASTM standards­
and three-point bending fatigue tests-aimed at estimating G ~I and ,sf' re pective ly- were 
de igned and are now be ing performed at the University of California, San Diego; the concep­
tual test setup fo r the fatigue tests is shown in Figure 9-a. It is e sentially a three-point bend­
'ing test on a composite laminated beam made out of two identical unidirectional carbon/epoxy 
adherends with the fibers aligned with the beam x-axis. T he two composite laminated adher­
ends are bonded together (after the curing process) using a common aerospace epoxy paste 
adhesive, Hysolli': EA9394. Two initial pre-cracks are created, at the beam ends, by po it ion­
ing a thin Teflon film between the adherends before bonding. Furt ermore both sinuso idal 
and random generated loads are considered. The specimens fabricated so far are characterized 
by a total span (2L) between 400 mm and 600 mm, a wid th (b) between 30 mm and 50 rom, 
in it ial pre-cracks (a) in the range of 40 rom to 80 mm (measured from the beam-end support), 
and ident ical adherends (i.e., hi =h2)' The experimental fatigue test data will be used to cali­
brate and validate the damage model and, partially (since there is no global aeroe lasl ic fa ilure 
mode that can be considered) validate the proposed methodology. To this end, a specia lly de-

P(I) 

a 2(I-a) a 
~+4------~~~----~1~ 

2L 

z 
( a) (b) 

Figure 9. (a) Schematic representation of the 3-point bending fatigue test setup; (b) Beam model anal YLcd. 
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veloped Eu ler-Bernoulli (E B) beam finite element with interlaminar slip along a singl dam­
ageable interface is used in combination with a e ZM model to simulate the fatigue- induced 
debonding propagation observed in the experimental tests. Because of the symmetry o f the 
test configuratio n, only half of the test specimen needs to be modeled (see Figure 9-b) and 
numericallyanalyz d. 

7.1 Euler-Bernoulli beam element with bond slip 

The fo rmulation for two-dimensional two-layer (i.e. , upper and lower adherends) co mpos­
ite laminated beams with nonlinear bond slip is based on previous research work [21,22] in 
whic h (i) EB beam theory (for small deformations) applies to both layers of the beam, and (ii) 
the deformab le bonded joint is represented by an interface model (a eZM in this specific case) 
allowing interJayer slip and enforcing contact between the two layers of the beam (mnde I 
fracture is therefo re neg lected by this model). 

A local orthogonal reference frame {O; x, y, z} is introduced, with the x-axis parallel to 
the beam axis and the vertical plane yz as the plane of geometrical and material symmetry of 
the cross sectio n (Figure 10-a). Loads are also assumed to be symmetric W.f.t. the yz plane. 
The d isplacement fie ld ofa material point of the beam is given by 

da(x,z;t)= [uo(x;tl+(zo-z)w'(x;tl]i+w(x;t)k on A" ((1'=1,2), (23) 

where Uo is the axial displacement of the reference point of domain Ao' the ordinate of which 
is Zo (a = I : upper adherend, a = 2: lower adherend); w is the vertical displacement of the 
cross section; and i and k denote the unit vectors along the x and y axes, respective ly. The 
trans lat ional disp lacements (a long the z-axis) and the rotations of the two layers are equal due 
to the enfo rced contact along the adhesive interface. The only nonzero strain components are 
the ax ial strain c:o and the bond slip s, given by 

c:o(x,z;t)=u~(x;t)+(Z,,_Z)W"(X;t) on Ao (0: = 1, 2), (24) 

s (x; t) = s (x; t) i = d 2 (x, zc; t) - d I (x, zc; t) = [u2 (x; t) - u\ (x; t) + h w'( x; t)] i , (25) 

where h = Z 2 - Zl is the distance between the two reference points of each composite layer. 
The kinemat ic model presented can be used with an arbitrary thickness for each adherend; 
however, in order to ensure pure mode II fracture in the experimental tests, ~ and ~ must 
b equal [23]. 

z 
b 

( a) (b) 

Figure 10. (a) Kinematics of the two-dimensional EB beam model with bond slip; 
(b) Degrees of freedom of the 10 DOF composite beam element used. 
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The FE formulation used in this study is a simple and effective two-dimensio na l ten noda l 
degrees-of-freedom (OOFs) displacement-based [21]. As shown in F igure 10-b, E ight OOFs 
are external (four for each beam end-node) and are represented by the axial displacements of 
upper and lo wer layers, the vertical displacement of the cross section and its rotation; the re­
maining two OOFs are internal (i.e., axial displacements of upper and lower layers) . This 
beam element is free from shear, slip, and eccentricity locking [22]. Additionally, due to the 
inherent (at the section level) coupling phenomena typical of laminated composite beams and 
p lates (e.g ., bending- twisting and extension-twisting couplings), the t wo-dimens io na l beam 
element lIsed is suitable to characterize the response o f unidirectiona l and cross-ply compo ite 
laminates. This constraint has therefore to be considered together with the geometrical, mate­
rial, and loadi ng symmetry constraints mentioned earlier. 

7.2 Partial verification of the proposed composite beam element 

The model geometry shown in F igure 9-b and Figure 10-a, was used to performed the pre­
liminary rifica tion studies on the composite beam element imp I mented. The geometric 
properties were set as L = 250 mm, b = 50 rum, and a = 50 rum. The two laminated compos­
ite adherends were assumed to be identical, with unidirectio nal layup and characterized by a 
lin ar elastic respon e ( E ll = 150,000 MPa was chosen as nominal value, and is the only e las­
tic constant needed fo r th is particu lar application). The nominal mechanica l pro pert ies o f the 
CZM were assigned as G~J = 1.0 J/mm 2

, T,max = 50.0 MPa, and y = 3. The parameter that 
controls the fat igue-induced degradation was instead chosen equa l to <'i r = 0.0 1 mm in order 
to have an arti fi cially-induced faster rate of degradation (several orders of magnitude beyo nd 
the real scenario) and be thus able to reduce the computational cost of the time-history simula­
tions during the ver ification process of the beam element. Add itionally, various adher nt 
thicknesses were considered during the verification phase. 

Figure II shows the shear force profiles, along the bonded interface of the compos ite can­
tile e r beam model, at three different instants of time du ring a dynamic time-history simula­
tion, and for three di fferent mesh sizes, namely 25, 50, and 100 elements. It can be easi ly seen 
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Figure 11. Shear stress profiles at three ditTerent time steps of the debonding propagation process 
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how the mesh re fInement led to an objective (and converged) response. The stress concentra­
tion peak closer to the beam fixed-end (x = 0 nun) of the cantilever beam represents the last 
converged lime-step before the initiation of the unstab le debonding propagation. In other 
words, also th i instabil ity (which is an actuaVphysical instability that can be determined ana­
lytically) is objectively captu red. Similarly, Figure 12 illustrates the con ergence of the elM 
cyclic response at the pre-crack tip location (i.e., at 200mm from the beam fixed end). The 
fac ts discussed above are o nly a small part of the overall convergence and mesh objectiveness 
studies carr ied out. The influence of d itferent combinations of (i) number of e lements (i. e., 
di fferent mesh sizes), (ii) number of Gauss-Lobatto integration po ints (within each element), 
(ii i) integration time-step size, and (iv) load amplitude on the globa l (e.g., beam deflect ion) 
and local (e.g., c hesive shear force at a generic integration point) response quant ities was, 
indeed, invest igated . All the combinations analyzed led to consistent converged results. 
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Figure 12. CZM response at the pre-crack tip (located at 200 mm from the beam fixed-end) 

8 CONCLUSIONS 

A reliab ility-based methodology for predicting the remaining usefu l li fe of a composite 
UA V wing has been presented. The methodology relies on continuous in-flight and period ic 
on-ground NDE inspections to (i) probabilistically assess and update the current state of dam­
age o f the component, and (ii) numerically propagate the probabil ity distribut ion of the de­
tected damage in time. It is assumed, based on discussions with industry UA V operators, that 
structural life o f the wings is governed by disbonds in the spar-to-skin adhesive joints, which 
propagate invisibly fro m the wing-root. The damage process is assumed to be purely fa tigue­
driven, and is stochastica lly simulated in the methodology using a cohesive zone model ( ZM), 
with cyclic degradation response, fully embedded in the finite element model of the wing to 
give est imates of the future state o f damage ( DM

p
+ l ) at time t

p
+ I ' This information is then 

used, togeth r wi th well-established component and system reliability methods, to compute 
lower and upper bounds for the probability of system failure account ing for both local (stmc­
tura l) and global (aeroelastic) failure modes. This information is used to update the mainte­
nance plan on the basis of a predefIned maximum acceptable threshold (P; ) for P[F}~ T 
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Correlation and validation of the CZM model and of the overall damage prognosis meth­
odology is in progress. Static and fatigue coupon tests on composite laminated beams are be­
ing performed in ord r to analyze the debonding propagatio n, along a pre-defmed bonded 
jo int, and to provide data for correlation. In the short tenn, a specially dev lo p d Eulcr­
Bernou ll i beam finite element with interlaminar slip along a sing le damageable interface is 
being used in conjunction with a CZM model to study the fatigue-induced degradation in the 
adhesive ma ter ial and reproduce the experimental test results. Prelim inary convergence and 
mes h-objectiveness results are presented herein, and results to date are promising. Along with 
fi nishing exper imental coupon testing, a further development of the beam element, aimed at 
includ ing three-dimensional and shear de1onnation effects, is being pursued. 
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