
 

Optimised laminated composite ship-structures against wave 
impact for enhanced dynamic stiffness 
 
Lee, Chanhui1   

Imperial College London / Hyundai Heavy Industries Co., Ltd. 
 
Greenhalgh, Emile S.2 

Panesar, Ajit3 
Imperial College London 
The Composite Centre, Department of Aeronautics, Imperial College London,  
SW7 2AZ, UK 
 
 

ABSTRACT 
Fibre-reinforced laminated composites are increasingly being utilised in marine and 
offshore structures due to their superior stiffness and strength to weight ratios, such 
as resistance to corrosion and enhanced toughness over conventional materials like 
steel and aluminium. A potential application of composites is in the design of wave-
breakers on ship structures. These structures absorb the impact energies from a 
wave slam to ensure vessel serviceability and safety. The inherent anisotropy of 
composites and the associated dynamic loading characteristics, make the design 
process for such a structure very challenging. There are limited studies looking at 
the design optimisation of composite structures under wave impact loads. In 
particular, dynamic optimisation based on modal vibration characteristics has not 
been sufficiently studied. In this study, we have optimised a composite wave-breaker 
to improve the specific dynamic stiffness based on modal vibration characteristics. 
To tackle this problem, a multi-level optimisation procedure has been adopted; 
firstly, the minimum thickness of the composite plate has been determined to avoid 
delamination; subsequently, the stacking sequence has been identified using 
lamination parameters along with local thickness variation. Importantly, the 
optimal arrangement of damping materials (sandwiched between plies) has also 
been investigated to further enhance the dynamic energy dissipation performance. 
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1. INTRODUCTION 
Fibre-reinforced laminated composites are now widely used throughout the marine and 

offshore industries due to their superior stiffness and strength to weight ratios, such as 
resistance to corrosion and enhanced toughness over conventional materials like steel and 
aluminium [1]. Moreover, material properties of laminated composites can be adjusted or 
tailored to meet the design requirements by simply varying the stacking sequence and 
percentage of layers. Over the last four decades, the lay-up optimisation of laminated 
composites has attracted great attention [2–4]; some previous studies utilised fibre 
orientation angles as continuous design variables to maximise structural stiffness. 
Although these studies showed a substantial increase in stiffness, the optimisation process 
required a repeated transformation of material properties [5]. Moreover, the optimal 
solutions were often trapped in local optima due to the non-convex region of design 
variable when using fibre orientation angles. Some researchers adopted lamination 
parameters (LPs) to express the stiffness of a laminate in a compact form. LPs are the 
compact representation of a stacking sequence and allow to reduce the number of design 
variables such as fibre orientation angles and thickness with just 12 LPs based on the 
classical laminate theory (CLT) [6]. 

A two-level method has been widely utilised in the optimisation of laminated 
composites with LPs. Specifically, LPs were used as design variables for the gradient-
based layup optimisation at the first level. Subsequently, the second level searches the 
exact stacking sequence which matches the requirement between optimal LPs and fibre 
orientation angles. At this second level, GAs have been widely used as a heuristic 
optimisation method in previous studies [7]. Although there was a good improvement in 
the second level optimisation, GAs inherently required high computation cost with the 
increased number of design variables.  

A water impact is a significant threat to marine and offshore structures because these 
structures experience a complicated dynamic stress state due to randomly generated water 
impact loads. Hence, a number of numerical and experimental studies [8] have been 
performed to understand and estimate the wave impact load. To date, previous studies 
have not yet considered the effect of the dynamic behaviour of structures. Hence, in this 
study, we considered the dynamic modal behaviour of structures in the design stage to 
consider the complex stress states induced by randomly generated wave load. 

Delamination of laminate composites occurs at the interface between adjacent layers 
due to inter-laminar shear stress. Although there are many parameters defining the 
dynamic relation between impact event and composite structures, the laminate 
composites are generally known to be very susceptible to impact load. Hence, a number 
of studies have been conducted to evaluate the impact strength and to derive accurate 
formulae for delamination onset load [9].  

Damping is an important design factor to predict accurate dynamic response of 
machinery and structures. Based on the energy dissipation capacity (i.e. damping) of 
materials, it is possible to suppress the vibration and noise radiation of composite 
structures. Hence, structural design for the dynamic system should consider the effect of 
damping to further improve its dynamic behaviour beyond anti-resonance design [10].  

Wave-breakers or break-waters are shielding structures installed on the bow of a ship 
or offshore platforms, used to protect important facilities and cargos from harsh wave 
impacts. To fulfil their function, wave-breakers are generally designed higher than the 
wave height on the deck, and the supporting structures should be strong enough to deal 
with the dynamic load induced by the wave impacts [8]. Although great research effort 
has been paid for accurate prediction and evaluation of wave impact load on laminate 



composites, it has not yet been fully clarified due to the complex relationship between 
impact events and composite materials.  

In this study, we have optimised a composite wave-breaker to improve the specific 
dynamic stiffness based on modal vibration characteristics. Due to the stated complex 
nature of the objective, this optimisation based endeavour is very challenging. To tackle 
this problem, a multi-level optimisation procedure has been adopted; firstly, the minimum 
thickness of the composite plate has been determined to avoid delamination; 
subsequently, the stacking sequence has been identified using lamination parameters 
along with local thickness variation. Importantly, the optimal arrangement of damping 
materials (sandwiched between plies) has also been investigated to further enhance the 
dynamic energy dissipation performance. 

 
2. Methodology for design optimisation 

The aim of this study is to maximise the dynamic stiffness of composite wave-breakers 
against wave impact loads. The optimisation process was divided into three levels. The 
minimum thickness of a composite plate for wave-breakers was determined to avoid 
delamination by evaluating the maximum through-thickness shear stress of wave-
breakers at the first level. Subsequently, the optimised stacking sequence, which 
maximises the dynamic stiffness of wave-breakers, was obtained from LPs-based layup 
optimisation. Next, the local thickness of the optimised laminated composite was varied 
to improve specific dynamic stiffness. Finally, the optimal arrangement of damping 
materials (i.e. sandwiched between plies) has also been investigated to further enhance 
the dynamic energy dissipation performance of wave-breakers. It should be noted that the 
optimisation of this work utilised finite element analysis (FEA) to obtain the dynamic 
modal information. Specifically, ABAQUS was used as a pre-and post-processor for FEA 
of composite structures as shown in Figure 1. The design specification of a target wave-
breaker is presented in Table 1. In this work, the carbon/epoxy (IM7-8552) was used as 
the composite material of interest, and its material properties are presented in Table 2. 

 

 
Figure 1. Numerical models of wave-breakers (a half-side model) 

Table 1. Design specification of the target wave-breaker 

Width [m] Height [m] Thickness [mm] Remarks 

60.0 3.0 20.0 
- The thickness has been determined    
  from the minimum thickness. 

 



Table 2. Material properties of the carbon/epoxy (IM7-8552) [11] 

Density [kg/m3] 
Young’s Moduli [GPa] Shear moduli [GPa] Poisson’s ratio 

E1 E2 E3 G12 G13 G23 v12 v13 v23 

1590 171.4 9.08 9.08 5.29 5.29 3.97 0.32 0.32 0.5 

 
2.1 Minimum thickness of a composite plate for wave-breakers 

The minimum thickness of a laminated composite plate for wave-breakers was 
determined to avoid delamination by evaluating the maximum through-thickness shear 
stress of wave-breakers. The structural optimisation of this study used this minimum 
thickness as the initial thickness of composite plates for wave-breakers, however, the 
local thickness of composite plates was adjusted at the following optimisation stage to 
maximise the specific dynamic stiffness. To be conservative, the minimum thickness was 
selected when the maximum through-thickness shear stresses were still lower than the 
shear strength of the polymer matrix with the safety factor of three.  

2.2 Layup optimisation of laminated composite wave-breakers 
The two-level method was adopted to obtain the optimised stacking sequence which 

matches the requirement between optimal LPs. We proposed a gradient-based optimiser 
based on SQP with multiple starting points to improve the computation efficiency. As a 
benchmark case, GAs were used to compare the efficiency of optimisation. In this work, 
symmetric and balanced laminates with a stacking sequence of [ሺ±ߠଵሻ௉భ

/ሺ±ߠଶሻ௉మ
/, ⋯ ,/

ሺ±ߠ௡ሻ௉೙
]௦ were considered to neglect the coupling effect between in-plan and out-of-

plane stresses. 

2.3 Optimal arrangement of damping materials 
Damping is an important design factor to suppress the vibration and noise radiation of 

composite structures. Based on the energy dissipation capacity (i.e. damping) of materials, 
it is possible to further enhance the dynamic behaviour beyond anti-resonance design. 
Although this part not yet fully prepared in this stage, it will be explored and investigated 
in our future research. 

3. Results and discussion 
To validate the proposed multi-level optimisation strategy, the numerical study was 

conducted using the finite element model of laminated composite wave-breakers. 
Particularly, the LPs-based layup optimisation was applied to achieve the optimised 
laminated composite main panel of wave-breakers. Firstly, the layup of composite main 
panel was optimised to maximise the fundamental natural frequency and dynamic modal 
stiffness. Subsequently, the local thickness of the main panel was adjusted to improve 
specific dynamic stiffness of the optimised composite main panel. Then, the through-
thickness shear stress of the optimised laminated composite main panel was re-assessed 
to avoid any possibility of delamination. Lastly, the optimal arrangement of damping 
materials was discussed for future work. 

3.1 Vibration modes and modal strain energy of the wave-breaker 
Figure 2 presents the lowest three vibration mode shapes of a laminated composite 

wave-breaker. In this study, the quasi-isotropic (QI) stacking sequence of [±45/90/0]௦ 
was considered as the reference case of the optimised composite wave-breaker. As you 
can see from the modal strain energy (modal compliance) distribution of the first vibration 
mode of the wave-breaker (see Figure 3), the maximum stresses and straines were 



concentrated close to the top centre of main panels, which indicates that the modal strain 
energy (i.e. modal compliance) of these region was relatively high compared to that of 
other regions. In other word, the region of high modal strain energy are very vulnerable 
to the corresponding vibration mode. Hence, in this work, the layup optimisation by using 
LPs was applied to the main panel of wave-breakers to enhance the dynamic stiffness (i.e. 
minimisation of modal compliance). For the subsequent optimisation and numerical 
analysis, a laminated composite main panel with da imension of 3000 × 3000 mm2 and 
total thickness 20 mm was used. 

 

  
(a) Wave-breaker model (half) (b) First vibration mode: 6.86Hz 

  
(c) Second vibration mode: 6.98Hz (d) Thrid vibration mode: 7.32Hz 
Figure 2 Vibration mode shapes and the stress distribution (Mises stress) of  

the composite wave-breaker with [±45/90/0]௦ 

 

 
Figure 3 Modal strain energy distribution of the first vibration mode  

3.2 Maximisation of the fundamental natural frequency 
The maximisation of the fundamental natural frequency of the laminated composite 

main panel was considered. By adopting the LPs approach, we can define the optimisation 
problem as [12] : 

൫߱ ݁ݏ݅݉݅ݔܽܯ ଵܸሼ஺ሽ, ଵܸሼ஽ሽ, ଷܸሼ஺ሽ, ଷܸሼ஽ሽ൯ 

subject to 2൫ ଵܸሼ஺ሽ൯
ଶ

൑  ଷܸሼ஺ሽ ൑ 1,  
                                    2ሺ ଵܸሼ஽ሽሻଶ ൑  ଷܸሼ஽ሽ ൑ 1 

 (1) 



When the optimal LPs were obtained, the corresponding stacking sequence was 
determined from the materials invariants introduced by Tsai and Hahn (1980) [13]. Figure 
4 (a) presents the optimal LPs obtained from the optimisation problem in Equation (1). 
The two optimal solutions of the gradient-based optimisation (SQP) and GAs were 
presented in Figure 4 (b), (c). The result of SQP presented better convergence to optimal 
LPs compared to that of GAs (N.B. the smaller sum of squared errors (SSE) represents 
better convergence). To understand the physical meaning of the optimal LPs, the popular 
Miki’s lamination diagram [14] were adopted as shown in Figure 5(a). 

As desired, the fibre orientation angles from optimal LPs presented that they were 
arranged to the optimal fibre orientation arrangement, which maximises the flexural 
stiffness [15] and fundamental natural frequency [12] (See Figure 5(b)). These results 
were in line with those of previous studies. The fundamental vibration mode shapes and 
the modal strain energy density distribution of the main panel for QI case and optimised 
orientation angles are presented and compared in Figure 6. The fundamental natural 
frequency of the optimised layup presented approximately 1.2 greater value than that of 
the QI case, which represents that the optimised layup obtained more than 1.4 times 
greater dynamic stiffness than that of the QI case. 

 

                  
(a) Optimal LP ଵܸሼ࡭ሽ (left) and ଷܸሼ࡭ሽ (right) 

 

 
    [θ1] 

 
    [θ2] 

(b) Optimal stacking sequence [± θ1/± θ2]s from the proposed method (SQP); 
multiple starting points:100 / SSE: 0.481 

 

 
    [θ1] 

 
     [θ2] 

(c) Optimal stacking sequence [± θ1/± θ2]s from GAs; 
population size:100, max generation number:100 / SSE: 0.762 

Figure 4 Optimal lamination parameters of fundamental frequency maximisation 
(Design domain: 10×10 elements) 



  
(a) Miki’s lamination diagram              (b) The fibre orientation angles 
Figure 5 Miki’s lamination diagram and the fibre orientation angles of  

the optimised laminated composite main panel 

 

 
 

 

 
 

 
(a) QI : 24.4 Hz (b) Optimal LPs: 29.1Hz 

Figure 6 Fundamental vibration mode shapes (top) and modal strain energy density 
distribution (bottom) of the optimised laminated composite main panel 

 

3.3 Variation of local thickness of laminated composite wave-breakers 
After obtaining the optimal LPs, the local thickness optimisation was followed to 

improve specific dynamic stiffness. Figure 7 presents the optimised local thickness 
distribution of the main panel. By varying the local thickness, the constraint of 50% 
weight saving (i.e. on average, the half of an initial thickness) was utilised in the previous 
optimisation problem in Equation (1). As can be seen from Figure 7, the thickness of a 
region occupying the central crossing area of the main panel (i.e. [0] and [90] orientation 
angles region) was converged to relatively thick, while the thickness of the region located 
diagonal area (i.e. [±45] orientation angle region) converted to thin. Although it was 
difficult to find previous optimisation results under the same conditions of these results, 
it was able to be validated by the optimisation results of a previous study using isotropic 
materials [16].  



  
(a) Design domain: 5×5 elements (b) Design domain: 10×10 elements 

Figure 7 Optimised local thickness distribution of the main panel  
with 50% weight saving 

 
4. Conclusions and future works 

This study presents a novel multi-level optimisation strategy to obtain the optimised 
laminated composite wave-breaker. The fundamental frequency and dynamic modal 
compliance have been used to optimise the layup of the laminated composite main panel. 
Lamination parameters (LPs) have been utilised as the design variables of layup 
optimisation to solve the limitation of fibre orientation angles (non-convex design 
region). To save the computation expense, a gradient-based optimisation with m multiple 
starting points has been introduced by replacing conventional GAs-based approach. After 
obtaining the optimal LPs, the local thickness optimisation has been followed to improve 
the specific dynamic stiffness based on modal vibration characteristics.  

Importantly, the through-thickness shear stress of the minimum thickness and the 
optimised local thickness of the composite main panel has been identified to avoid 
delamination. The numerical results of this work have demonstrated that the proposed 
multi-level optimisation strategy was successful in obtaining optimised laminated 
composite main panel for wave-breakers. The fundamental natural frequency of the 
optimised layup presented approximately 1.2 times greater value than that of the QI case, 
which represents that the optimised layup obtained more than 1.4 times greater dynamic 
stiffness than that of the QI case. 

Future studies will explore the experimental validation of the proposed optimisation 
strategy, and further extended study such as modal transient behaviours, fluid-structure 
interaction (FSI) and the optimal arrangement of damping materials to further enhance 
the dynamic energy dissipation performance of laminated composite wave-breakers. 
 

5. REFERENCES 
[1] M. Håkansson, E. Johnson, J.W. Ringsberg, Cost and weight of composite ship 

structures: A parametric study based on Det Norske Veritas rules, Proceedings of 
the Institution of Mechanical Engineers, Part M: Journal of Engineering for the 
Maritime Environment. (2017) 1–20. doi:10.1177/1475090217693419. 

[2] J.L. Grenestedt, Layup optimization against buckling of shear panels, Structural 
Health Monitoring of Aerospace Composites. 3 (1991) 115–120. 

[3] C.G. Diaconu, M. Sato, H. Sekine, Buckling characteristics and layup optimization 
of long laminated composite cylindrical shells subjected to combined loads using 
lamination parameters, Structural and Multidisciplinary Optimization. 24 (2002) 
302–311. 

[4] A. Khani, S.T. Ijsselmuiden, M.M. Abdalla, Z. Gürdal, Composites : Part B Design 
of variable stiffness panels for maximum strength using lamination parameters, 



Composites Part B: Engineering. 42 (2011) 546–552.  
[5] B. Liu, R.T. Haftka, P. Trompette, Maximization of buckling loads of composite 

panels using flexural lamination parameters, 36 (2004) 28–36.  
[6] V.B. Hammer, P. Pedersen, Parameterization in Laminate Design for Optimal 

Compliance, International Journal of Solids and Structures. 7683 (1996) 415–434. 
doi:10.1016/S0020-7683(96)00023-6. 

[7] M.. Bloomfield, C.. Diaconu, P.. Weaver, On feasible regions of lamination 
parameters for lay-up optimization of laminated composites, Proceedings of the 
Royal Society A: Mathematical, Physical and Engineering Sciences. 465 (2009) 
1123–1143. doi:10.1098/rspa.2008.0380. 

[8] B. Buchner, Design aspects of green water loading on FPSOs, in: Proceedings of 
OMAE2003, 22nd International Conference on Offshore Mechanics and Arctic 
Engineering, ASME, 2003. 

[9] R. Olsson, M. V. Donadon, B.G. Falzon, Delamination threshold load for dynamic 
impact on plates, International Journal of Solids and Structures. 43 (2006) 3124–
3141. doi:10.1016/j.ijsolstr.2005.05.005. 

[10] Leo L. Beranek, I.L. Vér, Noise and Vibration Control Engineering – Principles 
and Applications, John Wiley & Sons, New York, 2006. 

[11] H. Koerber, P.P. Camanho, High strain rate characterisation of unidirectional 
carbon-epoxy IM7-8552 in longitudinal compression, Composites Part A: Applied 
Science and Manufacturing. 42 (2011) 462–470.  

[12] M.M. Abdalla, S. Setoodeh, Z. Gürdal, Design of variable stiffness composite 
panels for maximum fundamental frequency using lamination parameters, 
Composite Structures. 81 (2007) 283–291. doi:10.1016/j.compstruct.2006.08.018. 

[13] S.W. Tsai, H.T. Hahn, Introduction to composite materials, Vol. 1, Westport, 1980. 
[14] M. Miki, Y. Sugiyama, Optimum Design of Laminated Composite Plates Using 

Lamination Parameters, AIAA Journal. 31 (1993) 921–922. doi:10.2514/3.49033. 
[15] S. Setoodeh, M.M. Abdalla, Z. Gürdal, Design of variable-stiffness laminates 

using lamination parameters, Composites Part B: Engineering. 37 (2006) 301–309. 
doi:10.1016/j.compositesb.2005.12.001. 

[16] X. Huang, Z.H. Zuo, Y.M. Xie, Evolutionary topological optimization of vibrating 
continuum structures for natural frequencies, Computers and Structures. 88 (2010) 
357–364. doi:10.1016/j.compstruc.2009.11.011. 

 


