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Isogeometric Fatigue Damage Prediction in Large-Scale
Composite Structures Driven by Dynamic Sensor Data

Y. Bazilevs®*, X. Deng?, A. Korobenko?, F. Lanza di Scalea?, S.G. Taylorb,
M.D. Todd?

“Department of Structural Engineering, University of California, San Diego, La Jolla, CA 92093,
USA
bLos Alamos National Laboratory, Los Alamos, NM 87545, USA

Abstract

Damage prognosis is the integration of a predictive modeling approach with diag-
nostic tools applied to in-situ monitoring data in order to create a health manage-
ment strategy for structures. In this paper we combine recent developments in mod-
eling of fatigue damage, isogeometric analysis of thin shell structures, and structural
health monitoring to develop a computational steering framework for fatigue dam-
age prediction in full-scale laminated composite structures. The proposed frame-
work main constituents are described in detail and the framework is deployed in the
context of an actual fatigue test of a full-scale wind turbine blade structure. The
results indicate that using an advanced computational model informed by in-situ
structural health monitoring data leads to accurate prediction of the damage zone
formation, damage progression, and eventual failure of the structure. Although the
blade fatigue simulation was driven by test data obtained prior to the computation,
the proposed computational steering framework may be deployed concurrently with
structures undergoing fatigue loading.

Keywords: Isogeometric Analysis, DDDAS, High-cycle fatigue damage,
Laminated composites, Kirchhoff-Love shells, Structural health monitoring,
Wind-turbine blade, Computational steering

1. Introduction

Dynamic Data-Driven Application System (DDDAS) [1] is a framework in which
sensor and measurement data collected for a given physical system are used to dy-
namically update a computational model of that system. Using measurement data,
the computational model geometry, boundary conditions, forcing, and material pa-
rameters may be updated to better represent physical reality. At the same time,
the properly updated computational model is able to produce higher-fidelity outputs
for the quantities of interest for which measurements are not readily available. As
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such, DDDAS is a framework in which measurement and simulation co-exist in
a symbiotic environment that is very well suited for executing a structural health
monitoring (SHM) strategy. SHM, of course, is the general process of making
an assessment, based on appropriate analyses of in-situ measured data, about the
current ability of a structural component or system to perform its intended design
function(s) successfully. Damage prognosis (DP) extends this process by consid-
ering how the SHM state assessment, when combined with future loading (often
probabilistic) and failure mode models, may be used to forecast remaining useful
life (RUL) or similar performance-level variables in a way that facilitates efficient
life cycle management. It is the focus of this paper to use a DDDAS architecture to
demonstrate DP capability by exploiting recent developments in geometric model-
ing, computational mechanics, high-performance computing (HPC), and measured
SHM features applied specifically for a class of medium-to-large-scale laminated
composite structures [2]. Computational steering enables one, through monitoring
of structures, to detect the onset of damage (defined in this work as local degrada-
tion of stiffness) due to external loading, track its evolution, and, eventually, predict
structural failure. Furthermore, given the ability to detect and track damage, one
may utilize control strategies to shelter structural systems from excessive loading,
thereby increasing their chances of survival and prolonging their useful life span.

High-fidelity simulation of medium-to-large-scale structures requires significant
computational resources and necessitate utilization of HPC. Unless reduced-order
modeling [3, 4] is employed, the computations are often time consuming. As a
result, the use of advanced structural mechanics simulation in connection with real-
time monitoring of structures and decision making is not common. However, when
it comes to fatigue damage, “real-time” no longer presents a daunting task since
fatigue damage, in practice, evolves over years or decades, while the correspond-
ing full-scale (or even partial-scale) lab tests take weeks or, in some cases, months
to complete. As a result, it is no longer impractical to have a high-fidelity struc-
tural model that incorporates fatigue damage and presents a fairly complete digital
counterpart of the actual structural system of interest. This observation motivates
the main subject of this paper - development of a computational steering frame-
work for fatigue damage prediction in structures comprised of thin-shell laminated
fiber-reinforced composites.

Fatigue of fiber-reinforced composites exhibits complex behavior [5]. A three-
stage stiffness degradation can be observed for fiber-reinforced composites: During
the first stage, damage initiates within a few hundred loading cycles, with sharp
decline of initial stiffness and formation of a damage zone. The second stage is
characterized by a gradual loss of stiffness and redistribution of the stress. The third
stage typically involves fiber fracture and delamination, leading to accelerated de-
cline of stiffness. Reference [6] presents an account of fatigue modeling challenges
in composites. Failure is a multiscale process occurring across different spatial
scales, from atomistic to full structure level. Anisotropy in the composite material
at the mesoscale level gives rise to different damage modes, which are often cou-



pled [7]. Accurate characterization of the material properties from its microstructure
also presents significant challenges [8—10].

Fatigue modeling and lifetime prediction methodologies for fiber-reinforced
composites typically fall into three categories [5, 11]: 1. Fatigue life models that
use S-N curves or Goodman-type diagrams, and that do not account for the actual
damage mechanisms or introduce fatigue failure criteria to determine the specimen
fatigue life; 2. Phenomenological models for the residual strength and stiffness; 3.
“Mechanistic” progressive models that use damage variables related to measurable
quantities such as, e.g., size of matrix cracks. In the present work we adapt a fa-
tigue damage model recently proposed in [12, 13], which falls in the latter category,
and which is able to quantitatively account for progression of damage in complex-
geometry composite structures.

The paper is organized as follows. In Sections 2 and 3 we present the core
constituents of our DDDAS framework. In particular, in Section 2 we introduce
Isogeometric Analysis (IGA) in the context of rotation-free Kirchhoff—Love shell
models [14-19] that are suitable for describing thin laminated composite struc-
tures [20, 21]. IGA is viewed as one of the key ingredients of the proposed DDDAS
framework because it enables seamless integration between structural geometry
modeling and computational analysis, both achieved by means of utilizing the same
underlying spline-basis-function technology stemming from Computer-Aided De-
sign. In Section 3 we present the fatigue damage model for fiber-reinforced com-
posites suitable for modeling fully reversed cyclic loading scenarios [12, 13], and
validate it using a composite-plate bending-fatigue test data. To integrate the dam-
age evolution equations, a “cycle jump” technique is employed, which enhances the
overall computational efficiency of the proposed DDDAS framework. In Section 4
we focus on the deployment of our DDDAS fatigue-damage framework using a full-
scale CX-100 wind-turbine blade designed by Sandia National Laboratories. The
CX-100 blade was instrumented with an SHM system comprised of accelerometers
and strain gauges, and fatigue-tested to failure at the National Renewable Energy
Laboratory [22-25]. We construct a detailed IGA representation of the aforemen-
tioned blade, and take advantage of the rich accelerometer and strain-gauge data to
computationally steer the blade to failure. This computation illustrates that when
using an appropriate combination of advanced modeling and dynamic sensor and
measurement data one can obtain highly accurate prediction of local damage initi-
ation and evolution in full-scale structures. In Section 5 we draw conclusions and
outline future research directions.

2. Isogeometric Analysis of Thin Shell Composite Structures

We start with a description of Isogeometric Analysis (IGA), which presents
a core structural modeling platform in this work. IGA is a recently introduced
FEM-like simulation methodology that relies on the geometry representation of
Computer-Aided Design (CAD), Computer Graphics (CG), and animation [26-28].



In IGA the geometry and computational solution fields are represented using the
same functional description. The most widely used discretization in IGA makes use
of non-Uniform Rational B-Splines (NURBS) [29], but other alternatives, such as
T-splines [30, 31], are currently being developed and routinely used. As a result
of this choice, integration of structural design and computational analysis is greatly
simplified. This single representation of the geometry and solution fields allows
a direct interaction with as-build geometry, which is needed at different stages of
modeling and simulation. IGA is an inherently higher-order accurate technique,
and, in addition, the basis functions in IGA are of higher-order continuity than stan-
dard FEM. This additional smoothness property is a distinguishing feature of IGA,
and is beneficial in many applications of computational mechanics (see, e.g., [27]).

Aerospace and civil composite structures of interest in this work, such as air-
craft fuselage, wings, and wind turbine blades, are geometrically complex, curved
thin shells. As a result, to simulate such structures at full scale and with suffi-
cient geometric detail, discretization of thin shell theories are employed for com-
putational efficiency, and are key to structural modeling of laminated composites.
Isogeometric shell analysis was recently proposed in [16] to address the shortcom-
ings of standard finite element technology for thin shells. It was found that higher-
order continuity (C' and above) of the IGA basis functions significantly improved
the per-degree-of-freedom accuracy and robustness of thin shell discretizations as
compared to the FEM. Furthermore, the increased continuity of IGA discretiza-
tions enabled the use of shell kinematics without rotational degrees of freedom and
the development of a new class of Kirchhoff-Love shell formulations [14, 15, 17],
leading to further computational cost savings associated with the analysis of thin
structures. The isogeometric rotation-free Kirchhoff-Love shell formulation was
successfully applied in the context of fluid-structure interaction modeling of wind
turbines in [20, 21, 32, 33]. In what follows, we present the basics of the thin shell
formulation employed in this work.

The rotation-free Kirchhoff-Love shell variational formulation may be stated as
follows: Find the shell midsurface displacement yh, such that Yw",

dth )

h h

w' - poh (— - dI’
ﬁg T\ ae

+ | 68" (Aéh + BEh) dr
ry

n f 6?’1-(B§h+DEh) dr
ry

+f6E”-DbEhdI“—f w' . h" dI" = 0. (1)
rt T

In the above formulation, I'y and I'; is the shell midsurface in the reference and de-
formed configuration, respectively, € and k are the vectors of membrane-strain and
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curvature-change coefficients, respectively, in the local coordinate system, p is the
through-thickness-averaged density, 68" and k" are the variations of the membrane-
strain and curvatures-change vectors, respectively, (I'S)" is the shell subdomain with
a prescribed traction boundary condition, and h” is the prescribed traction vector.
Furthermore, 1"8 denotes the so-called bending strip domain, which is a key con-
struct of the bending-strip method developed in [15]. The latter technique allows di-
rect application of rotation-free Kirchhoff—Love shell formulation to geometrically
complex structures comprised of multiple surface patches, including non-manifold
situations. To model a composite shell, the classical laminated plate theory [34] is

Ply center-line

Mid-plane of the laminate

1

Figure 1: Composite layup with non-uniform and non-symmetric distribution of the lamina.

employed. We denote the thickness of the k™ ply by #, and its centroid by 7 (see
Figure 1). With these definitions, in Eq. (1), the extensional, coupling, and bending
stiffnesses, given by A, B, and D matrices, respectively, may be computed for any
layup as

A= [ Tae=) T @
han k=1

B= | &£Cdé = ZEkth_k, (3)
Pun k=1
2~ o= (3 tlf
_ — 2, K
D—fh:hé:S Cd§3—;Ck(lka+12)- 4)

Here, C; is a constitutive material matrix for the k" ply in the local coordinate
system given by

Ci = T" (90 G T(¢0), 5)
cos’ ¢ sin® ¢ sin ¢ cos ¢
T(¢) = sin” ¢ cos? ¢ —singcos¢ |, (6)

—2singcos¢g 2singcosd cos’ ¢ — sin’ ¢

where ¢ denotes the fiber orientation angle in the ply, and C is the constitutive
matrix for the orthotropic material written with respect to the principal material
axes (or lamina axes) of the ply (see [15] for more details).
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The present thin shell formulation is suitable in the regime of large displace-
ments because the strain measures £ and « are derived from the Green—Lagrange
strain and, as a result, are insensitive to rigid-body translation and rotation. The St.
Venant—Kirchhoff material constitutive law is assumed in the above developments.
The details of the constitutive matrix C for the case of fatigue damage are shown in
the next section. The Kirchhoff-Love shell equations are discretized in the Galerkin
framework using smooth spline functions (NURBS or T-Splines), and are integrated
in time using the Generalized-a method [35].

3. Fatigue Damage Model of Fiber-Reinforced Composites Under Fully Re-
versed Cyclic Loading

A progressive damage model for fiber-reinforced composite lamina under fully
reversed cyclic loading, recently proposed in [12], is briefly described in this sec-
tion. The model, which is empirical in nature, is based on continuum damage me-
chanics and residual stiffness approaches. It is aimed at describing the three stages
of local (i.e., at a point in 3D continuum) material stiffness degradation - the initial
fast decline in stiffness, followed by the gradual stiffness reduction, and, eventually,
complete material failure. In the constitutive model, in the lamina coordinate sys-
tem, the second Piola—Kirchhoff stress S is related to the Green—Lagrange strain E
through the damage elasticity constitutive tensor C as

S0y (Eu-E,
Sn ¢=C1 Exn- EY, b, (7
S E,

where Ef , and Eé’z are the so-called permanent strains. The constitutive tensor C
models a stress-strain response of an orthotropic material and may be expressed as

. 1 E,(1-Dyy) v E \/(I—Dll)(l—Dzz) 0
C= T-vis vioEy V(1 = Dy1)(1 — Dy) E>(1 — Dy) 0
V21V12 0 0 Go(1 — Dy2)
3)

where v’s are the Poisson ratios, E; and E; are the Young’s moduli in the fiber and
matrix directions, respectively, G, is the shear modulus, and Dy, D, and D, are
the corresponding damage indices.

The damage indices D;; are expressed as

Dy =di;+d, )

where d! ; and d;; are the corresponding damage variables with the superscripts ‘t’
and ‘c’ used to distinguish between tensile and compressive damage modes. For
the case of high-cycle fatigue, assuming no damage growth within the cycle, the



evolution law for the damage variables is defined in terms of damage growth rate
per cycle as

d( ”) d;
= Cl[l + (dt )2 + DZZ]Z” eXp( CQW) + c3dlelzl
1 + dj; exp(cs \/7)

Trexp—cs@i—cn | % [1 + exp(cs(Zi — ca))], if Si>0,

) 2 2 d; 142 exp(—ced',~D
= el + (A + DRI exp(—er gy ) 20

(10)
¢ dj; exples \/dj) 4 ; y

+c d”ZlZl 1+ 1+CXP(p_C:(Zii—C7) [1+ eXp(_S(Zii —cy))], if §; <0,
dd) d' ~

- = all + @l I experrmiims). i $12>0,

d(d<,) 5
- =all+ (d| 2)2]212 exp(— sz), if S12 <0,

where N denotes the cycle number, ¢’s are the lamina-level material constants, and
no summation on the repeated index i is assumed. The above damage-growth-rate
equations also depend on the fatigue failure indices, denoted by X, X5, and X, and

given by
2D
ij

Zi' =
T+ EP -z

i, j=1,2). (11)

Equation (11) “blends” the indices for the decoupled longitudinal, transverse, and
shear failure modes (El.lj.D’s), and the indices based on the Tsai—Wu failure surface

(ZfJ.D’s) [36]. The first set of fatigue failure indices is defined as follows:

s X, S0
lD S11 _ t ~11 =
h = TDix where X = X, §1,<0
5 Y, $5 >0 12
10— Sx _ 192 (12)
% = Too7 where Y = Y, §1$y<0 °
yID _ 1S 12|

2 7 (1-Dp)2’

where X is the longitudinal normal strength, Y is the transverse normal strength,
Z; is the shear strength, and subscripts ‘t’ and ‘c’ are used to distinguish between
tensile and compressive action. The second set of indices is defined implicitly as

(L 1) _Su +(L_L) S, 1 S ’
X, X.) 2P(1-Diy) Y, Y.) 1-Dn = XX \2P(1-Dip) (13)
1 ( S L( S )
1-Dpy 72
G \2
(L_L)L_i_(L_L)L_F 1 (L)
X; X.) 1-Dpy Y Y 222(1 D) X: X \1-Dy;
2 (14)
S 512 =1
(22D(1 Dzz)) 1 D12 ’

(-G P (%)
X, X.) 1-Dyy Y Y.) 1-Dyp X X. \1-Dy;

N 2 15
+ 1 ( S )2+ 1 S12 ( )
YiYe \1-Dx 220(1 -Di2)
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Finally, the accumulation of permanent strains (see Eq. (7)) is attributed to the
growth of shear damage, and the corresponding growth law is stated as

dEfl) _{ C9E D1 lf S,‘i >

4Dy 0
i igN ~:
dN 0 @=12), (16)

0 if SN[[ <
where no summation on the repeated index i is assumed, and cy is an additional
material parameter.

In the numerical implementation of the shell model, every ply has its own set of
spatially-varying damage indices that go in the definition of the constitutive tensor
given by Eq. (8). The damage indices and constitutive tensor are defined in each
ply and at every quadrature point on the shell surface. The computation of exten-
sional, coupling, and bending stiffnesses, which makes use of the through-thickness
homogenization procedure outlined in the previous section, now makes use of the
constitutive tensor with built-in damage information, as per Eq. (8).

3.1. Numerical validation of the fatigue damage model

The above fatigue damage model is validated using a bending fatigue test of a
cantilever composite plate carried out in [13]. The experimental setup and specimen
geometry are shown in Figure 2. Both sides of the specimen are clamped, however,
the right clamp is moving with a prescribed velocity as shown in the figure. The
specimen width is 30 mm. The material used is a glass fabric/epoxy composite

Fixed clamp L= 54.0 mm Moving clamp

le' |ﬂ'l l: g ':]1 IH]

Composite specimen [ \

Figure 2: Setup of the bending fatigue test of a cantilever composite plate taken from [13].

(R420/LY556), where the fiber is a Roviglass R420 plain woven glass fabric and
the epoxy is Araldite LY 556. The stacking sequence is [0°]g, where ‘0’ is aligned
with the loading direction. The material properties of the composite lamina are
listed in Table 1. The specimen is manufactured by the resin-transfer-moulding
technique with the total thickness after curing of 2.72 mm.

The fatigue model coefficients, also taken from [13], are listed in Table 2. The
problem is discretized using a mesh of 10x5 quadratic NURBS elements. The dam-
age evolution equations are integrated using an explicit Euler method. To enhance
the computational efficiency, a “cycle jump” technique is employed, where the
stress state that drives the damage model is obtained by solving the Kirchhoftf-Love



Table 1: Material properties of glass fabric/epoxy lamina (R420/LY556).

Longitudinal modulus E; (GPa) 24.57
Transverse modulus E, (GPa) 23.94
Shear modulus G, (GPa) 4.83
Major Poisson’s ratio vy, 0.153

Longitudinal tensile strength X; (MPa) 390.7
Longitudinal compressive strength X, (MPa) 345.1

Transverse tensile strength Y, (MPa) 390.7
Transverse compressive strength Y, (MPa)  345.1
Shear strength Z (MPa) 100.6

Table 2: Fatigue damage model parameters of the test specimen.
C1 [6) C3 C4 Cs Ce | C7 | C8 Co

0.003 | 30.0 | 3.5x107° [ 0.8593.0| 0 | 0 | 0 |0.6

shell equations every NJUMP cycles of the damage evolution, where NJUMP is a
user-controlled parameter. The same cycle jump technique is used in the computa-
tions involving a full-scale wind-turbine blade presented in the next section.

Figure 3 shows maximum-during-the-cycle vertical reaction force at the right
clamp as a function of cycle number. The predicted reaction-force history com-
pares well with the experimental data from [13]. Note a sharp decline in the initial
stiffness in the first few hundred loading cycles followed by a gradual stiffness re-
duction. Figure 4 shows the distribution of longitudinal stress along the plate thick-
ness at the stationary clamped cross section. Early on, after 8,000 cycles, the stress
follows an expected near-linear profile. After about 650,000 cycles the stress redis-
tributes over the cross-section due to damage growth in the upper plies. Damage
first occurs and grows on the tensile side, which moves the neutral axis down to-
ward the compressive side. The IGA results are compared with the finite-element
simulation data from [13]. Although the latter assumed richer through-thickness
kinematics compared to the present Kirchhoff—Love shell theory, the overall stress
comparison is quite good.

4. Fatigue Damage Simulation of a Full-Scale CX-100 Wind-Turbine Blade
Driven by Test Data

In this section we show the deployment of our DDDAS framework using data
from a fatigue test of a full-scale wind turbine blade. We describe the blade geom-
etry and material composition, the fatigue test setup and sensors employed, and the
computational procedure for fatigue damage identification and prediction that in-
volves dynamic computational model updating based sensor and measurement data
collected during the test.
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Figure 3: Plot of the vertical force at the right clamp versus cycle number. Comparison of the IGA
fatigue-damage simulation with experimental data.
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Figure 4: Stress redistribution at the clamped cross section at cycle (a) N = 8, 000; (b) N = 650, 000.
Comparison of the IGA results with the finite-element simulation data.

4.1. Blade structure and its IGA model

We use a Sandia CX-100 conventional carbon-spar wind-turbine blade design [33,
37, 38], which is based on the ERS-100 blade [38], but with a substantially reduced
spar cap. The blade surface geometry definition is provided in Table 3. Upto a I-m
station from the root the blade has a circular cross-section. At a 1.4-m station the
blade transitions into the NREL S821 airfoil with a twist angle of 17.5 °. Ata 4.2-m
station the blade blends into the NREL S819 airfoil, which is used almost all the
way to the tip where the NREL S820 airfoil is placed. The airfoils are lofted along
the blade axis direction to produce a NURBS blade surface.

The blade material composition is as follows. The blade surface is comprised of
five primary zones: leading edge, trailing edge, root, spar cap, and shear web. The
zones are shown in Figure 6. Each zone is made up of a multilayer composite layup.
The different materials used for the layup are summarized in Table 4. The root area
has several layers of fiberglass plies to strengthen the region where the blade is
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Radial Distance Chord Length Twist Angle Airfoil Type

(m) (m) (degrees)

0.200 0.356 29.6 Cylinder

0.600 0.338 24.8 Cylinder

1.000 0.569 20.8 Cylinder

1.400 0.860 17.5 NREL S821
1.800 1.033 14.7 NREL S821
2.200 0.969 12.4 NREL S821
3.200 0.833 8.3 NREL S821
4.200 0.705 5.8 NREL S819
5.200 0.582 4.0 NREL S819
6.200 0.463 2.7 NREL S819
7.200 0.346 1.4 NREL S819
8.200 0.232 0.4 NREL S819
9.000 0.120 0.0 NREL S820

Table 3: Blade cross-section geometry data for the CX-100 blade.

Material Name E, E, G Vi2 Jo,
(GPa) (GPa) (GPa) (kg/m?)
Gel coat 3.44 3.44 1.38  0.30 1,235
Fill epoxy 2.41 2.41 096 030 1,154
Fiberglass 7.58 7.58 4.00 030 1,678
End-grain balsa 0.12 0.12  0.02 0.30 230

DBM1708 (+/- 45° fiberglass) ~ 9.58 958 6.89 039 1,814
DBM1208 (+/- 45° fiberglass)  9.58 958 6.89 039 1,814
C520 (0° fiberglass) 3730  7.60 6.89 031 1,874
0° Carbon, 500 gsm 10540 6.82 332 028 1,480
Carbon-fiberglass triaxial fabric  84.10 8.76 438 0.21 1,560

Table 4: Lamina properties of the materials employed in the CX-100 blade.

mounted on the hub flange. The leading and trailing edge zones have a similar
layup. Both include an outer gel coat and fiberglass layers, with the total thickness
of 0.51 mm, as well as additional layers of fiberglass material DBM-1708, 0.89 mm
each, and one 6.35 mm layer of balsa wood. Balsa wood is only present in the core
section of the blade and not on the edges. The leading edge zone has additional
layers of fiberglass material DBM-1208, with a total thickness of 0.56 mm, located
between DBM-1708 and balsa core. The layup of the core regions of the trailing
and leading edge zones is shown in Figure 5. The spar-cap zone has a nonuniform
thickness distribution, ranging from 5.79 mm to 9.65 mm, due to the decreasing
number of carbon fiber laminate layers (from seven to three) along the blade length.
The spar-cap layup is also shown in Figure 5, and has the thickest carbon fiber
layer. The shear web, which is designed to carry most of the surface loads, has a C-
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Figure 5: Layup of the trailing edge, leading edge, and spar cap.
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Figure 6: Left: Five primary sections of the CX-100 blade; Right: 32 distinct material zones of the
CX-100 blade.

shape structure containing four layers of DBM-1708 fiberglass, 0.74 mm each, and
9.53 mm of balsa wood core. The balsa wood layer is terminated in the tip zone. As
a result, the tip region is only comprised of one layer of gel coat and several layers
of fiberglass material. This layout leads to 32 zones with constant total thickness
and unique laminate stacking. All 32 zones are identified on the blade surface and
are shown in Figure 6.

The blade mesh chosen for this study has 4,647 quadratic NURBS elements and
is shown in Figure 7, where the top surface of the blade is removed to show the
placement of the shear web. This mesh resolution produced excellent results in a
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Figure 7: NURBS mesh of the CX-100 blade. A few top-surface patches are removed to show the
shear web attachment and mesh.

validation study through eigenfrequency analysis reported in [33], and is felt to be
adequate for the present application.

4.2. Blade fatigue-test setup and sensor layout

The CX-100 blade was fatigue loaded until failure using a hydraulic displace-
ment excitation technique at the National Wind Technology Center (NWTC) in
Golden, CO as a part of the Los Alamos National Laboratory Wind Turbine Pro-
gram [22, 24, 25]. During the test the blade was clamped at the root and turned
such that the high pressure (HP) side was facing up, and, at a 7-m station, the local
chord was parallel to the laboratory floor (see Figure 8). The blade was driven at
the natural frequency of the first flap-wise bending mode, which is 1.82 Hz. The
cyclic load was applied at a 1.6-m station using UREX hydraulic actuators. The
applied-force magnitude during the test was adjusted by changing the stroke of the
hydraulic actuators. To amplify the blade response, an additional mass of 164.65 kg
was placed at a 6.7-m station. Figure 9 shows the fatigue cycle count versus date.
The fatigue test lasted from 8/5/2011 to 11/13/2011, until a fatigue-induced crack
formed in the blade root region after about 8.0 M loading cycles.

The CX-100 blade was equipped with number of sensors for both active and pas-
sive sensing applications [22-25, 39-41]. All the sensors were located on the blade
exterior with most of them concentrated near the root where fatigue failure was ex-
pected to occur (and, indeed, occurred). The primary sensors employed were piezo-
electric transducers (PZTs), in particular, WASP-1, Metis-1, and LASER. Also,
several macro-fiber-composite (MFC) sensors were used as a backup sensors. The
layout of PZT sensors on both high- and low-pressure (LP) sides of the blade is
shown in Figure 8. Traditional accelerometers that record acceleration during 10-s
intervals at a sampling rate of 1.6 kHz were also installed at several locations on
the blade surface. Additional devices included strain gages for strain measurements
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Figure 8: Blade fatigue test setup and sensor layout. Blue square gives the location of the accelerom-
eter providing dynamic acceleration data for displacement amplitude and fatigue-model parameter
calibration.

and moment calibration, and temperature sensors. A rich dataset from a variety of
sensors was collected and analyzed in [22-25]. In particular, SHM techniques for
fatigue crack detection and their comparison were discussed at length in [25]. In
the present work, we mainly focus on the accelerometer data to steer the fatigue
damage computations, which are presented in the following section.

4.3. Blade fatigue simulation driven by test data

The dynamic data collected for the CX-100 blade fatigue test is employed for
blade fatigue damage simulation. Although, ideally, the computation would be ex-
ecuted concurrently with the fatigue test, here the measurements from the fatigue
test are employed as historic or archival data used to steer the fatigue damage com-
putation. To carry out the simulation, the IGA model of the CX-100 blade is placed
in the same orientation as the test specimen and is also clamped at the root. A
time-periodic vertical displacement with frequency of 1.82 Hz is applied ata 1.6-m
station to mimic the hydraulic-system forcing. The effect of extra mass of 164.65 kg
added to the 6.7-m station is achieved by locally increasing the blade material den-
sity in this region.
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Figure 9: Fatigue cycle count versus date. Triangular symbols indicate calibration points for fatigue
damage simulations.

The dynamic sensor data are employed to simultaneously calibrate the magni-
tude of the applied displacement loading, as well as to obtain a good estimate of the
input parameters of the fatigue damage model. To this end, we devise two DDDAS
loops - the inner loop responsible for displacement forcing amplitude calibration,
and the outer loop responsible for simulation of damage growth and calibration of
the associated material constants. The flowchart for each of the two DDDAS loops
is shown in Figure 10.

The amplitude of the applied displacement used to force the blade is calibrated
at four points during the fatigue test, corresponding to cycle number 0 M, 1.5 M,
5 M, and 7 M (see Figure 9). At each one of these points, a dynamic simulation
consisting of a few flapping cycles is performed with material parameters corre-
sponding to the blade damage state at that cycle, as predicted by the fatigue damage
model. The prescribed displacement amplitude is adjusted until the acceleration
time history at location 8.05 m predicted by the simulation matched that measured
by the accelerometer placed in this location (see Figure 8). Figure 11 shows the
calibrated displacement forcing amplitude as a function of cycle number, while Fig-
ure 12 shows the degree to which we are able to match the predicted and measured
accelerations. The acceleration data comparison is presented in the time and fre-
quency domains. Note that both the displacement and acceleration amplitudes are
increasing with cycle number.

The fatigue damage model parameters are summarized in Table 5. We start with
the values close to those used for the test specimen in Section 3.1, and adjust the
model parameters c¢; and c3 to properly reflect the current damage state of the struc-
ture at the same four calibration points during the fatigue test. Figure 13 shows
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Figure 10: (a) Flowchart of the outer DDDAS loop responsible for fatigue damage prediction and

model parameter calibration; (b) Flowchart of the inner DDDAS loop responsible applied displace-
ment amplitude calibration.
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Figure 11: Amplitude (A) of applied displacement forcing as a function of cycle number (N).

Table 5: Damage model parameters of CX-100 blade employed in the computations.

Cycle c1 CH 3 C4 cs C¢ C7 Cg Co
<I5M 4%x10°% 300 2.0x10°°® 08 8.0 0 0 0 O
1.5M~50M 4x10% 300 2.0x10°% 08 8.0 0 0 0 O
50M~7.0M 1.6x10* 300 4.0x10° 08 8.0 0 0 0 O
70M~80M 4x10* 300 1.0x10* 0.8 8.0 O O 0 O

the evolution of ¢; and c;3 as a function of cycle number. This evolution gives the
predicted blade fatigue life of about 8 M cycle, which is in good agreement with the
test data.

Remark The four points chosen for calibration correspond to the points in the test
where the acceleration measurements showed the biggest change. In principle one
is free to choose as many calibration points as necessary for good accuracy of the
fatigue damage prediction.

Figures 14 and 15 show the evolution of damage index D, (i.e., fiber direc-
tion) in the DBM plies. (Note that two different color scales are employed for the
two figures.) For the first 1.5 M cycles, damage grows faster in the blade midspan.
After 1.5 M cycles damage begins to concentrate and grow in the root section. This
is likely due to a significant increase in the displacement forcing amplitude after
1.5 M cycles (see Figure 11). Closer to 8 M cycles a part of the root section is fully
damaged, and the damage location is in excellent agreement with that of the crack
observed on the blade surface during the fatigue test. (See Figure 16 for a visual
comparison of the fatigue-test and simulation results.)
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Figure 12: Acceleration data comparison between the fatigue test and simulation at four calibration
points. Left: Time domain comparison; Right: Frequency domain comparison.

5. Conclusions and Future Work

A framework for fatigue damage modeling in large-scale laminated composite
structures is proposed where the simulations are infused with dynamic sensor and
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Figure 13: Damage model material parameters c¢; (Left) and c3 (Right) plotted versus cycle number.
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Figure 14: Progression of damage index D; up to 1.5 M cycles in a DBM layer: (a) Cycle N =
10, 000; (b) Cycle N = 100, 000; (c) Cycle N = 1,000, 000; (d) Cycle N = 1,500, 000.

measurement data to increase the physical realism of the simulation and enhance
their predictive power. The proposed framework is deployed in the context of a fa-
tigue test of a full-scale wind-turbine blade structure and good results are obtained
for the prediction of damage zone formation and evolution, eventually leading to
blade failure. The fatigue model, adapted from [12, 13], is based on continuum
damage mechanics and residual stiffness approaches and is well suited for the im-
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Figure 15: Progression of damage index D; from 1.5 M to 8.0 M cycles in a DBM layer: (a) Cycle
N = 1,500, 0005 (b) Cycle N = 5,000, 000; (c) Cycle N = 7,000, 000; (d) Cycle N = 8,000, 000.
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Figure 16: Visual comparison of the fatigue-test and simulation results. Location and shape of
the damage zone in a DBM layer near the root are in very good agreement with the location and
orientation of the crack observed in the fatigue test.

plementation with a multilayer composite thin shell.

It is recognized that the current framework accommodates only thin shells. In
the thicker shell case, a Reissner—Mindlin-type shell theory with transverse shearing
deformations needs to be considered, necessitating the use of rotational degrees of
freedom [16]. Furthermore, no delamination modeling is considered in the present
work, which is an important failure mode in laminated composites. We plan to
introduce these and other improvements in the modeling in order to handle a larger
class of composite structures and loading scenarios.

The present DDDAS framework requires occasional dynamic simulations to
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sample the stress state in the structure, which, in turn, drives fatigue damage evolu-
tion. Although standalone nonlinear structural dynamic simulations are performed
in this work as part of fatigue damage prediction, in general, more complex mod-
els may be considered. We are presently extending the framework to incorporate
3D coupled fluid-structure interaction, which predicts the structure stress state un-
der realistic aerodynamic and hydrodynamic loading, and, as a result, presents a
pathway to predicting useful life span of structures subjected to such loads. In this
case, the laboratory fatigue tests may be employed for the calibration of damage
model parameters for the simulations corresponding to actual structure operating
conditions.
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