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Abstract: The offshore industry has been using stiffened thin-walled steel cylindrical structures for
decades, particularly as the columns of floating offshore installations. The floating offshore
installations may be subjected to severe marine environmental conditions. Accidents such as collisions
may also occur. Structural Health Monitoring (SHM) is a viable tool to maintain safe operation of
offshore installations. Inverse Finite Element Method (iFEM) is one of the most powerful methods for
SHM process. Hence, this study focuses on the application of iFEM methodology to thin-walled
cylindrical structures representing the columns of floating offshore installations. iFEM methodology
is verified by comparing its displacement results against reference finite element method (FEM)
solution. After this verification, four different damage cases with different size, location and number
of damages are considered. By using a newly introduced damage parameter and von Mises strain
distribution iFEM accurately identified the correct damage locations and sizes. Therefore, it is
concluded that iFEM can be used for structural damage prediction in offshore structures with high
accuracy even if the number of the strain sensors is limited.
Keywords: Structural health monitoring; Inverse finite element method; Stiffened cylinder; Floating
offshore installations
1. Introduction
In order to keep the engineering structures safe and reliable, detecting an unusual structural
condition, such as fatigue cracking, dents induced by mass impact, age-related degradation, is crucial
in all engineering fields. The use of structural health monitoring (SHM) systems to perform continuous
monitoring of structures is a viable option from this aspect. SHM requires installation of sensing
systems into the structure to collect the required real-time data. After processing the data, the health
condition of the structure can be obtained [1]. SHM is widely applied to the estimation of the life of
the structures and can allow determination of optimum periods for inspection and repair [2]. Besides,
SHM is essential for reducing the risks and protecting the structures from failures, which eventually
keeps human and environment safe.
Most of the current approaches in SHM cannot be used directly for predicting 3-Dimensional
displacement and stress fields because complex boundary conditions and topology of the structures
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cannot be fully considered. To overcome this problem, real-time shape sensing can play an important
role in the development of SHM systems especially for structures with complex loading conditions.
The main benefit of shape sensing is that it allows to use the measured strain data to estimate the
variation of the displacement field in the structure [3]. This data can then be used to determine strains
and stresses for SHM systems. Currently, traditional strain rosettes and embedded fiber-optic sensor
networks including Fiber Bragg Grating (FBG) sensors are commonly used to collect the required
strain data. Conventional strain rosettes have benefits of convenience and inexpensive price. On the
other hand, FBG sensors have been broadly used in many fields including the wings of aircrafts,
complex frame structures and composite materials [4-7].
According to Gherlone et al. [8], the shape sensing should, in the first place, be able to take into
account the complex geometry and boundary conditions of the structures. Moreover, it should provide
reliable and stable displacement data even in the case of unavoidable errors occurring during the
measurement of the strain values. Finally, shape sensing should be fast enough to ensure the necessary
real-time monitoring purposes. Among various shape sensing methods, the typical strategies are Ko’s
Displacement Theory, Modal Method (MM) and inverse Finite Element Method (iFEM) [3]. Ko’s
Displacement Theory was introduced by Ko et al. [11] based on twice integration of measured axial
strains from sensors which are located on a different sensing line rather than the traditional axis [11].
Ko’s Displacement theory is based on classical beam equations and it is very suitable for beam type
structures. The accuracy of this approach has been proven by FEM comparisons [11]. Its usage has
been extended to wing-boxes and plates using multi-plex sensing lines [4,6].
On the other hand, depending on the mode shapes of the structure, MM uses the measured strains
to calculate the displacements according to the relationships between strains and displacements [12].
The main advantage of MM is that it can make predictions without knowing its material properties and
it can be used to analyse beam and plate type structures. However, MM is quite sensitive to frequency
and amount of strain sensors [16,17]. As an alternative approach, iFEM is an advanced and powerful
concept developed by Tessler and Spangler [18,19]. iFEM discretizes the whole structure into suitable
inverse finite elements (beam, plate, shell and solid elements) and the only input data is the strain of
each element. iFEM takes into account all strain components including membrane, bending and
transverse shear depending on the element type and structure. It utilises least square methodology to
minimise differences between measured and numerical strains. This process leads to a system of
equations in matrix form. By solving the matrix system, the displacements at each node of iFEM
elements can be determined at any real time. After the calculation of the displacements at each node,
the strains of the whole structure can be estimated which will then contribute to the evaluation of the
stress distribution of the structure. In short, iFEM only uses strain data collected from strain sensors to
generate full-field displacements, strains and then stresses.
Gherlone et al. [3] has recently compared the three main shape shaping methods using a
cantilevered wing-shaped aluminium plate under static conditions. The accuracy of these three
methods is investigated by comparing against experimental results [3]. After comparison, it was
concluded that iFEM is more flexible and accurate than the other two techniques [3]. Besides, iFEM
doesn’t require information about loading conditions.
There has been a steady progress on iFEM studies in the literature. Amongst these Tessler and
Spangler [20] developed a three-node inverse shell element, iMIN3, which has linear in-plane
displacements and bending rotations, and quadratic transverse-displacement (deflection) along in-
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plane coordinates. To interpolate these displacement fields, Tessler and Spangler [20] utilized the
linear area-parametric coordinates of a triangle and its associated anisoparametric shape functions
developed based on constant shear-edge constraint condition [21]. Quach et al. [22] and Vazquez et al.
[23] proved the reliability and capability of the iMIN3 element by performing an experimental study.
Additionally, Tessler et al. [24] improved the iMIN3 element to make it suitable for large deformations
occurring in the plate and shell structures. For beam type structures, Cerrachio et al. [25] and Gherlone
et al. [8,26,27] developed an iFEM beam element based on Timoshenko beam formulation. The
accuracy of their element has been tested successfully through numerical and experimental studies.
For complex materials, Cerracchio et al. [28,29] developed a robust plate element for composite and
sandwich structures which then became the foundation for Kefal et al. [1] to extend it to a new shell
element called i3-RZT for composite materials. Moreover, Kefal et al. [30,31] developed a four-node
quadrilateral iFEM element, iQS4. The iQS4 element is based on 1st order transverse-shear
deformation theory having six degrees of freedom (DOF) including drilling DOF. The iQS4 element
has a shape sensing capability for both thin or thick shell structures. The accuracy and practicability of
iQS4 element has been demonstrated by Kefal et al. [30,31].
Offshore structures often suffer from extreme loading conditions including wave loads and wind
loads. In addition, they may also experience abnormal and accidental loadings such as impact due to
ice, attending vessels (collision), slamming, and dropped objects. Moreover, steel, which is the most
common material used for offshore installations, can suffer from corrosion caused by sea water.
Consequently, it is essential to utilize SHM systems to monitor the health of offshore structures. Since
the International Maritime Organization released suggestions to spread SHM for the safety of ship
structures, several applications have been performed using different kinds of SHM systems for
different ship types [32-36]. As an alternative approach, Kefal and Oterkus [37, 38] applied iFEM/iQS4
for complex marine structures such as Panamax containership and chemical tanker. The results show
that iFEM can be simply and efficiently used for the SHM of ship structures with robust, fast and
reliable results.
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Figure 1. Tri-floater offshore wind turbine with stiffened cylinders as main columns [43]
Stiffened thin-walled cylindrical structures are one of the most common structural components of
floating offshore installations [39-43]. Fig. 1 shows a typical application of a floating offshore wind
turbine where the columns are orthogonal stiffened cylinders. Considering these structures being
commonly subjected to severe environmental conditions, it is necessary to use SHM system to protect
the structure from failure. Therefore, the current study presents the application of iFEM approach to
identify dent damage in a thin-walled stiffened steel cylinderical structure. The present paper is
organized as follows: in section 2 the iFEM methodology and iQS4 element are briefly explained. In
the next section, the properties of the cylindrical structures considered in this study are provided.
Moreover, the numerical results for undamaged and damaged cylindrical structure cases are
demonstrated. The damage prediction in the stiffened cylindrical structures using a newly introduced
damage parameter and von Mises strain distributions is also presented.
2. The iFEM Methodology
2.1. Basics of iFEM Methodology
In the iFEM methodology, the geometry of the structure to be monitored is discretised by using
suitable inverse elements as shown in Fig. 2(a). To perform an experimental application of iFEM
methodology for a given structure, triaxial strain measurements should be collected from discrete
locations of the top/bottom faces of the structural components. For this purpose, three different
conventional strain gauges and/or embedded FBG sensors can be stacked together to form a strain
rosette, which can mounted on a discrete position to obtain onboard triaxial strain measurements in
real time. Once the data raw data is collected from each strain gauge, it has to be sampled according to
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the desired frequency interval through an averaging/filtering process. After that, for a particular
position, triaxial strain measurements should be transformed to normal strain components and in-plane
shear strain of the local iFEM element. This transformation can be readily performed by utilizing
direction angles between local axes of the element and the strain-gauge axis.
In the current study, we generated the discrete (experimental) strain data numerically through
performing a high-fidelity finite element analysis on the structures concerned. For this purpose, a
relatively dense finite element model is created first. Secondly, the material, loading, and constraint
conditions are assigned to the dense FEM model. Third, the nodal displacement and rotation solutions
are obtained after the analysis. In the post-processing stage of the FEM analysis, the direct input of
iFEM analysis, i.e., discrete normal/shear strain measurements over the local axes of the iQS4 element,
are produced by multiplying the displacement and rotation solutions of the high-fidelity FEM model
together with the derivatives of the associated FEM element shape functions. As a result, this numerical
strain data represents experimental strain readings obtained from surface patched strain gauges or FBG
sensors along the local axes of the iQS4 element. Processing the in-situ strain data collected from
discrete locations of the structure, full field displacements, strains and stresses can be obtained in real
time as depicted in Fig. 2(b).

(a)
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(b)

(c)

(d)

Figure 2. (a) Discretisation of the structure with inverse finite elements, (b) overview of iFEM
methodology, (c) iQS4 element and (d) nodal DOF [1]
2.2. Formulation of iQS4 element and analytical strains
The iQS4 element developed by Kefal et al. [31] is a four-node quadrilateral element with a
thickness of 2h as shown in Fig. 2(c). For this element, the top and bottom surface of the shell
correspond to the thickness coordinates of z  h and z  h , respectively, such that z  [  h,  h ] .
As depicted in Fig. 2(d), the iQS4 element has six degrees-of-freedom (DOF) at each node. Utilizing
these DOF, the in-plane translations u and v along positive x and y axes and also transverse
deflection w along positive z axis are interpolated using quadratic anisoparametric shape functions,
whereas the bending rotations i (i  x, y ) are approximated based on bilinear isoparametric shape
functions. For the brevity of the paper, these shape functions are not given here. However, the exact
expressions of these shape functions and related interpolation of the kinematic variables can be found
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in [31]. According to the linear strain-displacement relationship given in [31], three different matrices
that contain the derivatives of shape functions can be constructed for each individual strain measure,
namely, B m matrix for the membrane strains, Bb matrix for bending curvatures, and B s matrix for
transverse shear strains. The explicit form of these matrices are also provided in [31] and not included
herein for conciseness. These matrices relate the membrane strains, e , bending curvatures, κ , and
transverse shear strains, γ , to the nodal displacements and rotations which are given as [31]:

e   e1 e2

e3   B m ue
T

(1a)

κ  1  2  3   B b ue

(1b)

γ   1  2   B s ue

(1c)

T

T

where the vector ue  [u1e  u4e ]T represents all nodal DOF of the iQS4 element with

uie  [ui

vi

wi  xi  yi  zi ]T (i  1,..., 4) denoting the six DOF at each node (Fig. 2d). Utilizing

the strain measures given in Eq. (1), the in-plane and transverse-shear strain components at any point
given in the plate geometry can be calculated as:
 xx  e1  1 
     
 yy   e2   z  2 
  e   
 xy   3   3 

(2a)

and

 xz   1 
  
 yz   2 

(2b)

where in-plane strains are linearly varying through the thickness of the plate (Eq. 2a), whereas the
transverse-shear strains are constant along the thickness coordinate, z .
2.3. Experimentally measured membrane strains and bending curvatures
The strain data can be measured and collected by conventional strain gauges or Fibre Bragg
Grating (FBG) strain sensors. The sensors should be mounted at the upper and lower surfaces of the
plate, which are represented by  and  signs, respectively. For each iQS4 element, the in situ
membrane strains and bending curvatures can be calculated at a particular in-plane location
xi (i  1,..., n) by using the surface strain measurements collected from the same xi position as [23]:
 xx   xx 
 E1 
  1 

Ei   E2    yy   yy  (i  1,..., n)
E  2  
 
 3 i
 xy   xy i

(3a)

and

(3b)

7

 xx   xx 
 1 

1  
 
 
Κ i   2  
 yy   yy  (i  1,..., n)
  2h  
 
 3 i
 xy   xy i

where the symbol n denotes the total number positions at which two sets of strain sensors are available
within the body of the iQS4 element. The in situ section strains given in Eqs. (3a-b) are experimental
counterparts of the analytical section strains given in Eqs. (1a-b), respectively. Note that these discrete
section strains, i.e., E and Κ where the subscript i is naturally dropped to highlight the continuity
throughout the element domain, can be fitted into continuous functions through smoothing or curve
fitting approaches. The transverse shear strains Γ cannot be directly calculated by using the surface
strain measurements. Fortunately, these section strains can be easily obtained for isotropic materials
through equilibrium equations of Mindlin plate theory by using the derivatives of the E and Κ
section strains as explained in [1]. However, since most of the offshore structures are classified as thinwalled structures, the transverse shear strains are much smaller than the in-plane strains, hence the
contribution of Γ strains can be safely neglected during the iFEM analysis.

2.4. Weighted least-squares formulation for iQS4 element
The difference between the analytical, e , κ , and γ , and the experimental, E , K , and Γ ,
section strains for each iQS4 element can be defined using error functions of φi (ue ) (i  m, b, s ) ,
respectively, as:
φm (ue )  e (ue )  E

(4a)

φb (ue )  κ (ue )  K

(4b)

φs (ue )  γ (ue )  Γ

(4c)

The iFEM/iQS4 methodology establishes a weighted-least-squares functional by using the error
functions given in Eq. (5) as [31]:
 e ( ue ) 

1
V

 (

2

m

2

2

φm ( ue )  b φb ( ue )  s φs ( ue ) ) dV

(5)

V

2

where the symbol  denotes the squared L2-norms (Euclidean norms) and V  A  2h represents the
volume of the element with A defining the mid-surface of the iQS4 element. In Eq. (5), the squared
norms of the φi (ue ) (i  m, b, s ) vectors can be calculated as the dot product of vectors φi  φi .
Moreover, in Eq. (5), the symbols m , b and  s are the weighting constants corresponding to each
individual section strain.
If the experimental values of E , K , and Γ can be determined and available for the iFEM
analysis, all weighting constants will be equal to unity, i.e., m  b   s  1 . However, if any of these
in situ section strains is not available for an iQS4 element in the analysis, a small value of   10 4
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compared to unity can be assigned as the weighting constant and the least-squares terms will be reduced
to the following form:
2

2

(6a)

2

2

(6b)

2

2

(6c)

φm (ue )  e (ue )  e12  e22  e32 with (m   )
φb (ue )  κ (ue ) =12 + 22   32 with (b   )
φs (ue )  γ (ue ) = 12   22 with (s   )

The arrangement made in Eqs. (6a-c) will allow to maintain the robust interpolation connectivity of
strain data between iQS4 elements having strain sensors and iQS4 elements having no experimental
strain data.
The essence of iFEM methodology is to minimise the Φe (ue ) functional with respect to the
displacement DOF, ue , hence a well match between the analytical and experimentally measured
section strains can be obtained. This minimization process can be defined as [31]:
φe
 ke ue  f e  0  ke ue  fe
 ue

(7)

where ke is the coefficient matrix formed by the integration of squared B m , Bb , B s matrices over the
volume of the element, and f e is a vector constructed by integral of the multiplication of B m , Bb , B s
matrices with the measured strain data, E , K and Γ , through the volume of the element. Note that
these integral forms have to be normalized by the volume of the element to attain units of strain
measures. The mathematical expressions of the matrix, ke and vector, f e are explicitly given in [31].
Before performing the assembly process for the discretized structure, it is necessary to use the
elemental transformation matrix to transform the local matrix-vector equation for each iQS4 element
into global system of equations of the whole structure. After applying the specific boundary conditions
to avoid singularities (e.g., rigid body motion mode), finally the displacements and rotations of each
node can be calculated for any loading condition.
2.5. Damage identification

After following the procedure described in Sections 2.2-2.4, the displacements and rotations
corresponding to six DOF of each node can be obtained and this data can be subsequently used to
calculate full-field section strain measures as given in Eqs. (1-2). Moreover, constitutive relationship
between stress and strain will yield the full-field stress distribution. In this study, von Mises strain  vm
is considered as an equivalent maximum strain to predict damage. This equivalent strain can be
calculated under plane stress condition as:

 vm 

1
2



  yy     xx   zz     yy   zz   6  xy2
2

xx

2

2

(8)

with
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 zz 


 1

( xx   yy )

(9)

where  is Poisson’s ratio of the material.
In order to clearly show and distinguish the locations of the damage, an additional damage
parameter D is introduced and defined as:

D

 vm,current   vm ,undamaged
 vm,undamaged

(10)

where  vm,current represents the current measured von Mises strain value and  vm,undamaged denotes the von
Mises strain value measured earlier for an undamaged (intact) structure. Note that although the
definition of the damage parameter has a similar form to the anomaly index given in Colombo et al.
[46], it has a different meaning. If there is no damage inside the structure, it is expected that the value
of the damage parameter D is zero everywhere inside the structure as long as there is no rapid change
in loading acting on the structure. If there is a rapid change in loading acting on the structure, then
there is a possibility that the damage parameter D values can be non-zero. To overcome this problem,
once non-zero damage parameter D situation occurs, von Mises strain distribution should also be
checked since higher von Mises strain values localise and occur around the damaged areas. Therefore,
in this study, both the damage parameter D and von Mises strain distributions are utilised for dent
damage identification in stiffened cylindrical structures.

3. Numerical results

To demonstrate the capability of iFEM for damage prediction, a longitudinally and transversely
stiffened thin-walled cylindrical structure, which was previously considered by Cerik [39], was
analysed after introducing local dent damage. The length of the cylindrical structure is 10 m and it has
a circular cross-section with a radius of 3 m. There are 12 longitudinal stiffeners with a web height of
200 mm at the inner surface. Besides, there are also three ring stiffeners, which have the same web
height with the longitudinal stiffeners in the circumferential direction, to provide additional
enhancement to the structure. The cylinder and the stiffeners are made from high tensile strength steel
with Young’s modulus of 210 GPa and Poisson’s ratio of 0.3. The structure can be considered as a
thin-walled cylinder and the thickness of the cylinder including the stiffeners is 25 mm. There is an
initial geometrical defect representing the local dent with a width of 1 m and a depth of 0.1 m [39].
The material degradation approach [47] is utilized to represent the pre-existing damage in a rather
simple way. Therefore, Young’s modulus of the material is assumed to be 210 kPa in the damage zone.
The cylinder is fully fixed at the far edge and all DOFs at the front edge are constrained except the
displacement along the axial direction, x. A tensional displacement of 0.005 m is applied in the axial
direction to the front edge boundary as the loading condition.
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Table 1. Case Studies for iFEM analysis
Cases

Damage Location

Case1

No damage on the cylinder

Case2

Central damage at the joint of the stiffeners

Case3 Central damage crossing two longitudinal stiffeners
Case4

Damage at a quarter length of the cylinder

Case5

Multiple damages at edges and centre

As listed in Table 1, five different numerical cases examined in this section including Case1
representing no damage case whereas Case2 to Case5 represent different damage cases. The damage
locations are depicted in Figure 3.

(a)

(b)

(c)
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(d)
Figure 3. Damage locations for (a) Case2, (b) Case3, (c) Case4, and (d) Case5
The main aim of Case1 is to validate the iFEM methodology for stiffened cylindrical structures,
investigate the possibility of reducing sensors under the premise of obtaining reasonably accurate
results and obtain reference undamaged solution to calculate the damage parameter, D. For the
remaining four cases (Case2-5), the damage prediction study is performed for the cylindrical structure
using both full sensors and reduced number of sensors. Through this procedure, we will investigate the
practicality of iFEM methodology for accurate and reliable detection of dent damage locations even
with sparse strain data. Note that in this study, the strain data is generated numerically by performing
a high-fidelity FEM analysis by using ANSYS, a commercially available finite element software. A
very fine mesh of the cylinder model composed of 6156 elements (Figure 4a) is utilized in the FEM
analysis whereas the iFEM analysis is performed by using an in-house MATLAB code with a relatively
coarse mesh having only 684 iQS4 elements (Figure 4b).

(a)

(b)

Figure 4. (a) Dense mesh for FEM model and (b) Coarse mesh for iFEM model
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In this section full-sensor placement means that every iQS4 element has corresponding experimental
strain measurements which are provided by FEM analysis. If the full-sensor placement is used, the
number of strain sensors becomes 684×2. It is beneficial to reduce the number of sensors for practical
applications. Therefore, iFEM model of stiffened cylindrical structures using less number of sensors,
a reduced-sensor model, which contains 192×2 sensors, is also considered as shown in Figure 5. The
selected iQS4 elements are highlighted in blue.

Figure 5. Sensor locations for the reduced sensor model
Twelve longitudinal lines of sensors are used to monitor the whole structure and another two transverse
lines of sensors are placed at the boundary of the structure. Note that the number of the sensors can be
further reduced, but after balancing the requirement of accuracy and the desire to reduce the number
of sensors, the current strategy of sensor installations is preferred. More importantly, thanks to the
development of Fibre Bragg Grating (FBG) sensor technology, the proposed number of strain data can
be collected without much difficulty. As shown in Figure 5, the sensor locations of reduced-sensor
model follow continuous paths over the cylindrical surface. Thus, the strain data can be collected from
these locations using several fibre optic cables only. For the current structure and analysis, maximum
of 16 FBG sensors can fulfill the requirement of strain data collection.
As mentioned earlier, in this study, strain data for iFEM analysis is provided from a FEM model.
Moreover, FEM results are also used to verify the iFEM model for the case without damage. Variations
of the total displacements, UT, along the stiffened cylindrical structure are obtained both by using iFEM
full sensor (iFEM) and reduced-sensor (iFEM-r) cases. As shown in Figure 6, both full sensor and
reduced sensor cases successfully capture the displacement variation obtained by using FEM. Von
Mises strain variation obtained using FEM is also evaluated and presented in Figure 7. These von
Mises strain values will be considered as the von Mises strain values for the undamaged case to be
used to calculate the damage parameter given in Eq. (10).
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(a) FEM

(b) iFEM

(c) iFEM-r

Figure 6. Contour plot of UT displacement (unit: m) for Case1

Figure 7. Contour plot of

 vm

strain for FEM of Case1

In the first damage case, a central damage located at the joint of the stiffeners is considered as
shown in Figure 3a. The damage parameter variation for full sensor and reduced sensor cases are given
in Figure 8. As can be seen in this figure, the damage parameter takes very large values at the damage
location region. Therefore, it is expected that the damage is likely existing in this region. This
conclusion is also supported by the von Mises strain distributions demonstrated in Figure 9. Although
strain localisation is less visible for reduced sensor case, both full sensor and reduced sensor cases
identify the same damage location as the damage parameter.
In the second damage case, a central damage crossing two longitudinal stiffeners is considered
as depicted in Figure 3b. The damage parameter values obtained from iFEM analysis for both full
sensor and reduced sensor cases are presented in Figure 10. Similar to the previous case, iFEM
identified the damage location accurately although reduced sensor case predicted slightly larger
damage zone. Moreover, von Mises strain distributions given in Figure 11 obtained from iFEM
analysis also clearly demonstrate strain localisations at the damage region.
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(a) iFEM

(b) iFEM-r

Figure 8. Damage parameter variation for Case2

(a) iFEM

(b) iFEM-r

Figure 9. Von Mises strain variation for Case2
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(a) iFEM

(b) iFEM-r

Figure 10. Damage parameter variation for Case3

(a) iFEM

(b) iFEM-r

Figure 11. Von Mises strain variation for Case3
As shown in Fig. 3c, the damage is located closer to the fixed boundary for the third damage
case. As can be seen in Figure 12, based on the damage parameter variations obtained from iFEM
analysis, the correct damage location can be easily identified. The von Mises strain distributions given
in Figure 13 also support this conclusion. As the final damage case, multiple and smaller damages
located at different parts of the cylindrical structure are considered as depicted in Fig. 3d. Damage
parameter variation for both full sensor and reduced sensor cases are given in Figure 14. iFEM
performs also very well for this complex scenario. All damage locations are successfully captured.
Von Mises strain distributions also highlight the same damage locations clearly as shown in Figure 15.
As a summary, for all four different damage cases with different size, location and number of
damages, iFEM was able to capture the correct damage locations by utilising the newly introduced
damage parameter and von Mises strain distribution.
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(a) iFEM

(b) iFEM-r

Figure 12. Damage parameter variation for Case4

(a) iFEM

(b) iFEM-r

Figure 13. Von Mises strain variation for Case4
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(a) iFEM

(b) iFEM-r

Figure 14. Damage parameter variation for Case5

(a) iFEM

(b) iFEM-r

Figure 15. Von Mises strain variation for Case5
4. Conclusions
In this study, inverse Finite Element Method (iFEM) was utilised to monitor and predict
structural damage in terms of geometrical defects in thin-walled stiffened cylindrical structures. The
stiffened cylindrical structure is modelled with dense mesh for FEM analysis and coarse mesh for
iFEM analysis. A robust iFEM shell element-iQS4 is utilized to generate the model for inverse analysis
and at the same time FEM results are used both to provide strain data for iFEM analysis and for
validation purposes. Five different numerical cases were considered. First of all, based on the
displacement results obtained from iFEM analysis of an undamaged structure, it was shown that iFEM
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can easily and accurately perform accurate SHM process for offshore cylindrical structures. In addition,
four different cases with damages were investigated to explore the capability of iFEM for predicting
the damage locations and shapes. The four cases include damage at the central and quarter ring lines
of the structure, small and multiple random damages. Regardless of changing the locations of the
damages or varying the sizes of the damage, iFEM can obtain accurate results. Besides, the damage
locations can be correctly detected using the damage parameter and von Mises strain plots even with
the reduced sensor configuration. Finally, it can be concluded that iFEM is suitable for real-time
structural health monitoring and damage prediction in offshore cylindrical structures with high
accuracy.
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