
1 INTRODUCTION 

Composite materials and sandwich structures 
have been widely used as primary load bearing 
structures in marine vessels, civil and military air-
crafts, launch vehicles, and wind turbine blades, to 
name a few. Over the service life of a structure, 
however, the load carrying capability, strength, and 
structural integrity are likely to diminish due to such 
failure modes as delamination and fiber/matrix 
cracking (Tabrizi et al., 2019). Cyclic accumulation 
of such failures at different positions of the structure 
may lead to a catastrophic failure of the structure, 
thereby directly affecting environmental and human 
safety and resulting in direct economic losses. To 
avoid from these undesirable events, composite 
structures often require a viable application of struc-
tural health monitoring (SHM). 

In general, SHM is an integrated technology to al-
low real-time collection of accurate structural integ-
rity information to be used for condition-based 
maintenance scheduling. To enable effective SHM, 
robust and efficient shape and stress sensing algo-
rithms capable of performing real-time, full-field 
structural integrity assessment are required (Gher-
lone et al., 2018). An important step of SHM is the 
structural damage detection which can enable the 

identification of damage location, size, and amount 
of material degradation. 

Originally developed by Tessler & Spangler 
(2005), the inverse finite element method (iFEM), is 
a general and robust algorithm for performing real-
time shape-sensing analysis, i.e., reconstruction of 
structural displacements from the information pro-
vided by a network of in-situ strain sensors. The 
shape-sensing information is also the fundamental 
constituent for reconstructing such structural re-
sponse quantities as strain, stress, and failure. For 
these reasons, over the last decade the iFEM meth-
odology has attracted considerable attention in the 
field of SHM (Kefal & Oterkus, 2015, Papa et al., 
2017, Liu et al., 2018).  

Prior to the introduction of iFEM, various other 
inverse methods were proposed to solve shape sens-
ing of beam bending (Davis et al., 1996, Kim & 
Cho, 2004) and real-time monitoring of plate bend-
ing problems (Jones et al., 1998). All these methods, 
however, lack at least one of the main attributes in-
herent in iFEM algorithm. Primarily, these attractive 
shape-sensing capabilities are (i) no requirement of 
any loading and/or material information, (ii) ap-
plicability to complex structural geometry and/or 
boundary conditions, (iii) rapid process capability 
suitable for real time, and (iv) stable and accurate 
solutions even when a few sensor measurements are 
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available. Therefore, the iFEM methodology fulfills 
most crucial prerequisites of an on-board SHM sys-
tem. 

Numerous theoretical, computational, and exper-
imental research studies have been conducted using 
the iFEM methodology. Some of the pioneering ex-
amples for plates and shell structures include the de-
velopment of a three-node triangular inverse-shell 
element, iMIN3 (Tessler & Spangler, 2004), a four-
node quadrilateral inverse-shell element, iQS4 
(Kefal et al., 2016), an efficient curved inverse-shell 
element, iCS8 (Kefal, 2020), and isogeometric iFEM 
formulation (Kefal & Oterkus, 2020). Recently, 
Abdollahzadeh et al. (2020), presented a review and 
comparison study of several C0-continous iFEM el-
ements, including various benchmark test cases for 
validation of new iFEM elements. 

Recent iFEM applications range from typical ma-
rine vehicles (Kefal & Oterkus, 2016) and offshore 
structures (Li et al., 2020) to aerospace structures 
(Miller et al., 2016, Esposito & Gherlone, 2020, 
Oboe et al., 2021). Moreover, sensor placement 
strategies (Roy et al., 2020), smoothing procedures 
(Kefal et al., 2021a), and pre-extrapolation/curve-
fitting approaches (Oboe et al., 2021) have been 
proposed to improve shape-sensing capabilities of 
iFEM by utilizing a lower number of sensors. In ad-
dition, various experimental test setups have been 
proposed for validation of the iFEM formulations 
(Colombo, et al., 2021, Kefal et al., 2021b). Also, 
several computational and laboratory experiments 
have been carried out using iFEM for structural 
damage identification (Colombo et al., 2019, Li et 
al., 2020, Roy et al., 2021). 

For shape- and stress-sensing of laminated com-
posite and sandwich shell structures, more advanced 
iFEM formulations have been proposed by Cerrac-
chio et al. (2015) and Kefal et al. (2017). These new 
formulations employed the Refined Zigzag Theory, 
RZT (Tessler et al. 2010), which is used as a kine-
matic basis for iFEM. The latest formulation (Kefal 
et al., 2017) that merges iFEM with RZT, herein re-
ferred to as iFEM-RZT, minimizes a weighted least-
squares functional that uses the complete set of 
strain measures of RZT, that include the membrane, 
bending, transverse shear and zigzag section strains. 
The iFEM-RZT methodology enables an accurate 
representation of zigzag-like deformations of highly 
heterogeneous and sandwich laminates to be repre-
sented across the laminate thickness.  

In this effort, the iFEM-RZT approach is applied 
to detect delamination damage in laminated compo-
site and sandwich shell structures for the first time in 
the literature. To this end, a new damage detection 
strategy is proposed by using principal section strain 
and curvature quantities reconstructed using suitable 
iFEM-RZT modeling. Several computational studies 
are presented to demonstrate the predictive capabili-
ties of the present approach for identifying the loca-

tion and size of delaminations using a relatively 
sparse set of strain sensors distributed on the struc-
ture.  

2 iFEM-RZT FORMULATION 

Consider a laminated composite plate being com-
posed of N layers and located in a Cartesian global 
coordinate system 1 2( , , ) ( , )x x z z x  as depicted in 
Figure 1. Adopting the single-layer theory represen-
tation, the displacement components of a material 
point within the laminate can be written in accord-
ance with the kinematic relations of RZT (Tessler et 
al., 2010) as:  

( ) ( )( , ) ( 1,2)k k
i i ii iu z u z i     x  (1a) 

( )zu wx  (1b) 

1 2 1 2 1 2[ ]Tu u w    u  (1c) 

where the 1 2( , , )u u w , 1 2( , )  , and 1 2( , )   repre-
sent the translational displacements, classical bend-
ing rotations, and zigzag rotations with the positive 
directions shown in Figure 1. Here, the ( )u u x  
vector contains the seven kinematic variables of the 
RZT theory, i.e., the unknowns of a given boundary-
value problem.  
 

 
 
Figure 1. Directions of kinematic variables and through-the-
thickness distribution of the zigzag functions. 
 

The zigzag rotations are associated with piece-
wise linear zigzag functions to be able to account for 
highly zigzag in-plane displacement variations of 
thick sandwich structures. An example of the zigzag 
function’s variation is present in Figure 1. Utilizing 
transverse-shear elastic moduli of the individual 
plies, these functions are originally established by 
Tessler et al. (2010) as: 

( ) ( ) ( ) ( 1, 2)k k k
i i iz i      (2a) 
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where the ( )k
i  is the slope of the zigzag functions 

with respect to the thickness coordinate, ( )k
i  is the 

interlaminar-continuity coefficients of the zigzag 
functions, iG  is the average transverse-shear stiff-
ness of the laminate, ( )2 kh  and 2h  terms stand for 
the full thickness of individual laminae, and lami-
nate, respectively, ( )

11
kQ  and ( )

22
kQ  terms represent the 

transformed transverse-shear moduli of each ply for 
1x z - and 2x z -planes, in the given order.  

According to linear elasticity, the small strains 
can be defined by taking derivatives of Eq. (1a-b) as: 

( ) ( )( ) ( ) ( , )k kz z  ε e u κ u μ u  (3a) 

( ) ( ) ( )( ) ( ) ( ) ( )k k kz z  γ H γ u H η u  (3b) 

where the vectors ( )kε  and ( )kγ  define the in-plane 
and transverse-shear strains of k-th ply. In Eq. (3), 
the membrane, bending, and zigzag section strains of 
the laminate are given as:  

 1,1 2,2 1,2 2,1( )
T
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Moreover, transverse-shear section strains of the 
laminate are derived as:  

   1 2 ,1 1 ,2 2( )
T T

w w      γ u  (5a) 

 1 1 2 2( )
T     η u  (5b) 

which are associated with lamina-level constant ma-
trices,  
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in order to appropriately defined transverse-shear 
strains consistent with RZT. Note that the 

( ) ( , , )k
i iH     matrices are constant for any in-

plane position, 1 2( , )x xx , and varies only as a 
function of z coordinate. On the other hand, the sec-
tions strains are dependent functions of the 

1 2( , )x xx  coordinates while being constant through 
the thickness coordinate of the laminate, z.  
 

 
 
Figure 2. Experimental surface strain measurements.  

 
The iFEM-RZT formulation uses experimentally 

measured section strain as the main input for per-
forming deformation reconstruction of the laminate. 
Therefore, as depicted in Figure 2, the surface strain 
gauges should be patched on the top and bottom sur-
faces of the laminate, while fiber optic sensors 
should be embedded within the laminate between 
one of the interfaces of the two bonded laminae. The 
triaxial strain measurements obtained from a set of 
sensors at the position 1 2( , ) ( 1, 2,..., )i ix x i n x , 
the experimental counterparts of the RZT section 
strains can be calculated as: 

1
( ) ( 1, 2,..., )

2
i i i i n   Ε ε ε  (6a) 

1
( ) ( 1,2,..., )

2
i i i i n

h
   Κ ε ε  (6b) 

( ) ( 1, 2,..., )j j
i j ii i z i n   Μ ε E Κ  (6c) 

where the symbols , , j
i i i
 ε ε ε  denote the experimental 

strains measured at top z h  , and bottom z h  , 
and j-th interface ( )jz z  of the laminate. Note that 
these strain measurements are along the global axes, 

1 2( , )x x  at any i-th sensor position. Accordingly,  at 
discrete positions of ix , the experimental membrane 

iΕ , bending iΚ , and zigzag j
iΜ  sections strains be-

come available for an iFEM-RZT analysis in the real 
test environment.  

Once these discrete strain measurements are 
gathered via strain rosettes as shown in Figure 2, 
they can be smoothed by using smoothing tech-



niques or fitted to continuous functions through sur-
face/curve fitting techniques. To this end, smoothed 
iFEM formulation have recently been proposed by 
Kefal et al., which can be readily followed for ob-
taining continuous form of the experimental section 
strain. For mathematical convenience, we drop the 
‘i’ subscript from the experimental section strains by 
assuming that the smoothed section strains are ena-
bled anywhere within the laminate domain. Experi-
mental transverse-shear strains, Γ  and Η , can be 
directly acquired from the surface strain sensor. 
However, following the smoothing procedure de-
scribed in Kefal et al. (2021a), one can also calculate 
these experimental section strain in a continuous 
manner. Nevertheless, the contribution of the trans-
verse-shear section strains to deformation recon-
struction of a thin laminate is relatively much small-
er than those of in-plane section strains. Thereby, the 
role of Γ  and Η  can be safely omitted by setting 
these terms to zero during iFEM-RZT simulation.  

The iFEM-RZT defines a weighted-least-squares 
functional to match the individual analytical strains 
with their experimental counterparts as: 

21
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with the error functions of section strains defined as: 
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In Eq. (7a), the symbol V denotes the volume of the 
laminate and the squared Euclidean norms of the iφ  
vectors can be calculated as the dot product of vec-
tors i iφ φ . Moreover, the ( , , , , )iw i e      con-
stants are positive weights that accounts for contri-
butions of the individual section strains to the ( ) u  
functional. In case any experimental is undetermined 
or not available in iFEM-RZT analysis, the associat-
ed weighting coefficient can be set to small number 
(e.g., 10-3) as compared to unity, otherwise they will 
be one all the time. The least-squares functional can 
be discretized by utilizing suitable inverse-element 
implementations. For the numerical implementation 
of the new damage-detection strategy, a robust and 
computationally efficient three-node triangular in-
verse-shell element, i3-RZT (Kefal et al., 2017), is 
utilized. For this purpose, the kinematic variables are 
approximated related shape function, which can be 
directly used to define as induvial section strains as:   

( ) ( , , , , )e e  u B u ε κ μ γ η  (8) 

where eu  represents the nodal degrees-of-freedom 
(DOF) vector of the i3-RZT element, and the B  
matrices establish the strain-displacement relations 
within the element domain through the derivatives of 
the shape functions. The explicit forms of these ma-
trices can be found in Kefal et al. (2017).  

Substituting Eq. (8) into Eq. (7a), and subse-
quently minimizing the resultant with respect to un-
known displacement DOF, yields a set of element-
level equations: 

( )
0

e
e e e

e


  


u

k u f
u

 (9) 

where the left-hand-side matrix ke is independent of 
the measured strain values (i.e., remain same during 
monitoring), and the right-hand-side vector fe is a 
function of the measured strain values; these are up-
dated for each strain-data acquisition. The element 
contributions to the global linear system of equations 
of the discretized structure are performed using the 
conventional finite element assembly procedures. 
Finally, the resulting system of equations can be 
solved by applying problem-specific kinematic 
boundary conditions, giving rise to the displacement 
solutions corresponding to the real-time strain meas-
urements.  

3 DAMAGE DETECTION STRATEGY 

As the main goal for structural integrity assess-
ment, iFEM-RZT can be used to identify the size 
and location of delamination damage. For this pur-
pose, a novel damage-detection strategy is proposed 
herein by making quantitative assessment of princi-
pal section strains and curvatures calculated from 
iFEM-reconstructed displacements. The main bene-
fit of this computational approach is that it does not 
require any loading information and uses only strain-
gauge measurements taken from the on-board sen-
sors to predict the size and location of delamination 
damage. Another advantage is that it can be success-
fully utilized in real-time monitoring applications. 
The approach is also applicable to a general class of 
laminated composite and sandwich structures. 

Initially, the in-plane location and delamination 
size are identified. Once the displacement DOF are 
obtained, they can be utilized to obtain continuous 
section strains in each element domain. Then, the 
principal section strains can be evaluated at any 
point in the element domain as: 

2 2
1 2 1 2 3

1,2 ( , )
2 2 2

e                 
   

 (10) 

where 1 2 3, ,e e e  and 1 2 3, ,    are the vector compo-
nents of membrane and bending section strains given 
in Eq. (4a-b), and 1 2 1 2( , ), ( , )e e       are the principle 



section strains corresponding to the membrane and 
bending reactions of the laminate, respectively. 
Adopting the von Mises equations for plane stress, 
these principal section strains can be utilized to 
compute the equivalent section strains for the mem-
brane and bending deformations as: 

   2 2

1 1 2 2 ( , )eq e              (11) 

The e
eq  and eq

  quantities are constant along the full 
thickness of the laminate and thus can be key indica-
tors for identifying the in-plane position and shape 
of the delamination damage. Through-the-thickness 
locations of the delamination can be identified by 
examining the influence of the zigzag kinematics on 
the strain response of the laminated structure. For 
this purpose, average equivalent strain of each layer 
can be calculated as: 
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where the symbols ( ) ( )
1 2( , )k k   represent the principal 

strains of individual layers, that are defined as: 
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with ( ) ( ) ( )
11 22 12, ,k k k    being components of in-plane 

strains ( )kε , i.e., linear/zigzag functions of the thick-
ness coordinate as defined by Eq. (3a). Since the 

( )k
eq  strain is piecewise constant along the thickness 

of the laminate, this strain quantity may be a useful 
indicator for identifying the through-the-thickness 
position of the damage. Accordingly, percent differ-
ence between undamaged and damaged conditions 
of iFEM-RZT results can be compared to predict the 
damage evaluation in the laminate. For instance, the 
in-plane position of the damage can be predicted 
through the following damage detection parameters: 
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where subscript ( 1,2,..., )eli n  denotes any position 
in an element domain, e.g., geometrical centroid of 
the element, with eln  being total number of inverse 
elements in an iFEM domain. In Eq. (14), the super-
scripts, U and D, are utilized to sort the equivalent 
strain quantities predicted using iFEM-RZT before 
and after damage instant, respectively. The maxi-
mum values of the Eq. (14) in the laminate domain 
can be utilized for identification of the in-plane 
damage position and its approximate shape. Besides, 
the thickness position of the damage can be exam-
ined through calculating the following percent dif-
ference for each layer available in the laminate as: 

   
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i ik
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The maximum values of the ( )k
iE  percent difference 

will shape the hot spot region in the layers, which 
can be exploited to indicate the actual delamination 
damage region and associated delaminated layers.   

4 NUMERICAL RESULTS 

Two different case studies are examined to vali-
date the capabilities of the present computational 
strategy for delamination damage identification on 
the laminated composite plate and shell structures. 
Each problem has different types/positions of em-
bedded delamination. To predict the damage loca-
tions in each problem, the detailed distributions of 
the displacements and strains reconstructed from 
sensor measurements by using iFEM are quantita-
tively examined in accordance with the formulas 
given in Section 3.  

The first case study is a five-layer cross-ply canti-
levered rectangular plate subject to torsion loading 
as depicted in Figure 3. The laminate is composed of 
symmetric lamina stacking sequence of 0/90/0/90/0 
and each ply has the same thickness of 0.25 mm. All 
layers are made of carbon-epoxy material with the 
material properties listed in Table 1. 
 
Table 1. Composite material properties (unit of moduli is GPa). 
Material Elastic Moduli Poisson’s Ratio Shear Moduli 
Carbon-
Epoxy 

( )
1 157.9kE   
( )
2 9.584kE   
( )
3 9.584kE   

( )
12 0.32k   
( )
13 0.32k   
( )
23 0.49k   

( )
12 5.93kG   
( )
13 5.93kG   
( )
23 3.227kG   

Glass-
Epoxy 

( )
1 20.85kE   
( )
2 1.134kE   
( )
3 1.134kE   

( )
12 0.341k   
( )
13 0.341k   
( )
23 0.356k   

( )
12 0.564kG   
( )
13 0.564kG   
( )
23 0.325kG   

 
The plate has the in-plane dimensions of 200×50 

mm2 and the span-to-thickness ratio is therefore 
200/1.25 = 160, which is compatible with thin-plate 
classification. The left edge of the plate is fully 
clamped (no translation and no rotation) and the 
right edge is subjected to uniformly distributed tor-
sional load, Fz = 80 N/m as shown in Figure 3. 
 

 
 
Figure 3. Laminated plate with a delaminated region. 



 
In this case, the delamination damage is modelled 

by degrading material properties in octagon-shaped 
zone located at the center of the laminated plate.  
The actual layer of delamination damage is adjacent 
to the top bounding layer. Namely, the through-the-
thickness position of damage is located under the top 
surface of the laminate, 4k  , considering that top 
and bottom layers are attributed to the 1k   and 

5k  , respectively. The “strain-sensor” (experi-
mental strain) data and reference solutions are gen-
erated by performing high-fidelity direct FEM anal-
yses. The “strain-sensor” data are used as input to 
the iFEM-RZT models, giving rise to the full-field 
displacement reconstruction. To this end, two differ-
ent direct FEM analysis are performed: (1) plate 
without damage and (2) plate with damage in the 
fourth layer from the bottom surface of the laminate. 
Note that the damage is modelled through degrading 
elastic material constant of the undamaged material 
with the ratio of 310 .  

Sensors are collected only along the perimeter of 
the plate as illustrated in Figure 4 on an iFEM-RZT 
domain. Thickness location of the sensors are top 
surface, bottom surface, and the interior location be-
tween first and second layers from the bottom sur-
face of the plate. The weighting coefficients at ele-
ments having no sensors are set to 310  whereas they 
are adjusted to unity for elements having sensor da-
ta. Regarding the weighting coefficients of the 
transverse-shear measures, they are set to as 510  for 
all the elements.  
 

 
 
Figure 4. iFEM-RZT discretization of the laminated plate com-
posed of 1024 i3-RZT elements and 553 nodes. 

 
Once the discrete strain-sensor data obtained for 

undamaged and damaged conditions are analyzed 
using same iFEM-RZT domain, the three-
dimensional full-field displacements are accurately 
reconstructed. For brevity of the present section, 
these shape-sensing results are not included here. 
Subsequently, the reconstructed displacements are 
used to calculate strain and curvature data for each 
element in the discretization, as well as the principal 
strains, maximum shear strains, and equivalent 
strains corresponding to both damaged and undam-
aged laminates. Finally, these strain distributions are 
compared for the damaged and undamaged lami-
nates to identify precise damage size and position. 

The membrane and bending equivalent strains re-
constructed using iFEM-RZT for undamaged and 
damaged conditions of the laminate are utilized to 
calculate the eE  and E  percent differences. As de-
picted in Figure 5, plotting these quantities over the 
laminate surface leads to the identification of in-
plane delamination-damage position.  In Figure 5, it 
is clearly observed that red contours of E  percent 
difference indicates the approximate shape of the 
hexagonal shape of the delaminated region. Moreo-
ver, the maximum values of the of eE  percent dif-
ference enables the localization of the damaged re-
gion as such drawing the top and bottom boundaries 
of the delamination zone.  
 

 
 
Figure 5. Contours of in-plane damage indicators, Ee and E𝜅 
(Eq. 14), for laminated plate. 
 

 
 
Figure 6. Contours of through-the-thickness damage indicator 
for laminate plate, E(k) (Eq. 15). 
 



To account for the thickness position of the de-
laminated layer, one can examine the lamina-level 
average equivalent strains and make comparison be-
tween undamaged and damaged instants of the lami-
nate through Eq. (15). In this regard, the ( )kE  per-
cent differences between pristine and degraded 
laminate conditions are plotted for each layer of the 
laminate in Figure 6. According to these contours, it 
can be clearly observed that red contours (maximum 
error) yield in the layer of 4k  , and this localized 
hot-spot region matches almost identically with ex-
act location of the actual delaminated zone. Remark-
ably, according to the contours in Figure 6, it can be 
observed that the exact delamination zone affects its 
top and bottom layers under twisting loading condi-
tion, demonstrating superior deterministic accuracy 
of the iFEM-RZT analysis and proposed damage de-
tection strategy.  

The second case study is an eight-layer cross-ply 
shallow shell plate subject to distributed twisting 
loading as shown in Figure 7. Like the first test case, 
the laminae are stacked symmetrically with respect 
to the mid-surface of the shell, thereby constituting 
sequence of 0/90/0/90/90/0/90/0 with each ply hav-
ing equal thickness of 0.55 mm. All layers are made 
of glass-epoxy material with the material properties 
listed in Table 1. Exact geometrical dimensions of 
the laminated shell as well as the applied constraint 
boundary conditions and force positions are clearly 
sketched in Figure 7. Here clamped edge is fully re-
straint against all translational and rotational kine-
matic variables, and the applied torsion has a magni-
tude of Tz = 10 N/m. 
 

 
 
Figure 7. Laminated shallow shell with a delaminated region. 
 

The delamination damage has an octagonal shape 
as proportionality depicted in Figure 7 and is located 
at the second layer from the bottom surface of the 
laminate, 2k  . Left edge is fully clamped and 
twisting load at the free edge. In fact, damage detec-

tion on this geometry is very crucial as it can be con-
sidered as a representative of a floating large-scale 
marine composite panel. Therefore, the following 
iFEM-RZT analysis will reveal the practical merits 
of present damage detection approach for SHM of 
marine structures.  

Firstly, a direct FEM analysis of the panel is per-
formed to simulate the data collected from strain ro-
settes in case of undamaged and damaged conditions 
of the shell. For this purpose, the material properties 
of the pristine material at the second layer of the 
laminate within the shape of delaminated region are 
degraded with a ratio of 10-3. Once the undamaged 
and damage discrete strain data obtained, they are 
directly used as an input for performing iFEM-RZT 
analysis. In this case, shape-sensing and damage de-
tection analyses are conducted for two different sen-
sor placement models, i.e., (1) full sensor pattern, 
and (2) sparse sensor pattern. In case of the full sen-
sor patters, all the inverse shell element are provided 
with the sensor information, whereas the sparse 
model has only the sensors at the yellow elements 
depicted in Figure 8. Note that for both sensor 
placement model, the data is collected from top, bot-
tom surfaces, and one of the interlaminar surfaces of 
the laminate. Since the thin-shell assumptions are 
suitable for the shallow, the weighting coefficients 
of the transverse-shear strains are adjusted to 510  
for all iFEM-RZT analyses. Besides, the weighting 
coefficients associated with in-plane strains are set 
to 310  for the strain-less elements (an i3-RZT ele-
ment without sensor) in the sparse sensor model. 
 

 
 
Figure 8. iFEM-RZT discretization of the shallow shell com-
posed of 1900 i3-RZT elements and 995 nodes. 
 

For each iFEM-RZT model, the reconstructed 
displacements are utilized to calculate equivalent 
strains, which subsequently become an input for 
damage detection procedure described in the previ-
ous section. In Figure 9, the percent difference of 
bending equivalent strains between undamaged and 
damaged scenarios of laminate are presented for 
both sensor placement models. As can be observed 
from the maximum values of E  damage indicator 
that the hot spot (red contours) regions are mainly 



located in the delaminated region of the shallow 
shell (Figure 9). Expectedly, one-to-one mapping of 
strain measurements (full sensor pattern) provides 
better predictions than the sparse sensor pattern. 
However, considering the large amount of sensor da-
ta reduction in sparse model, overall trend of the E  
variation over the in-plane geometry of the shell is 
captured very well, proving the damage detection 
capability of the sparse sensor placement model. 
 

 
 
Figure 9. Comparison of in-plane damage indicator, E𝜅 (Eq. 
14), contours predicted by full and sparse sensor patterns. 
 

 
 
Figure 10. Contours of through-the-thickness damage indicator, 
E(k) (Eq. 15), predicted using sparse sensor pattern. 
 

After the in-plane position and approximate shape 
of the damage region are identified, the through-the-
thickness position of the delamination is also inves-
tigated by making comparison of the ( )kE  values 
calculated for each layer of the laminated shallow 
shell. To this end, we only investigate the sparse 
sensor pattern results to demonstrate the practical 
applicability of the approach to a real-life applica-
tion, since the number of sensors is immensely re-
duced in the sparse sensor configuration. According 
to the results presented in Figure 10, the maximum 
values of the damage indicator are mainly localized 
in the first and second layers of the shell. This 
iFEM-RZT result apparently identifies the approxi-
mate position of the damage as being located either 
within the first or second layer of the laminate, 
which is quite close to the actual position of the de-
lamination. Considering that the laminate is com-
posed of a relatively large number of layers, it can 
be concluded that these indicators provide adequate 
identification of the delamination thickness zones. 
Hence, the superior accuracy of the present iFEM-
RZT approach is rigorously confirmed for delamina-
tion damage identification of both laminated plate 
and shell structures, even with sparse sensor de-
ployments.  

5 CONCLUSIONS 

A novel damage detection formulation is present-
ed for composite structures by leveraging the shape-
sensing information reconstructed from sensor 
measurements using an efficient iFEM-RZT formu-
lation. The iFEM-RZT mathematical formulation is 
established by minimizing a weighted least-squares 
functional that uses the complete set of section 
strains of RZT, that include the membrane, bending, 
transverse shear and zigzag section strains. The re-
cently introduced three-node inverse-shell element 
(i3-RZT) is implemented and used throughout the 
computational studies.  

In these studies, strain solutions obtained from 
high-fidelity direct finite element models are used to 
represent the “experimentally measured” strain data. 
To enable damage identification, principal section 
strain and curvature quantities are reconstructed for 
each element in the iFEM-RZT discretization, lead-
ing to the computation of the appropriate delamina-
tion failure criteria and damage indexes. Initially, the 
in-plane location and delamination size are identi-
fied. Subsequently, through-the-thickness locations 
are identified by examining the influence of the zig-
zag kinematics on the strain response of the laminat-
ed structure. It is demonstrated that the iFEM-RZT 
methodology can provide high-quality identification 
of delamination damage, with the potential for ap-
plication to more complex composite structures. 
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