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EXECUTIVE SUMMARY 

The objective of this document is to present all the benchmarks and testing models devised to 
validate the implementation of the different numerical tools developed in WP3. First, basic 
benchmarks for the validation and verification of the structural shell elements available in 
RamSeries will be addressed. These simple tests are based on well-known academic problems and 
allow to compare the performance of the enriched triangular shell element implemented in 
RamSeries (the so-called drilling rotation triangle) against more traditional shell elements typically 
used in other commercial FEM packages and in RamSeries as well. The use of the enriched 
triangular shell elements in RamSeries is a cornerstone of the methodology proposed in FIBRESHIP 
for the structural assessment of large length ships using direct dynamic simulations in real sea 
states. This methodology is promising insofar as it could provide greater precision and realism to 
the numerical calculations. Nevertheless, the complexity and level of detail in the geometrical 
description of the ships can be challenging in the preparation of the models since it may require 
many hours of human effort. In this sense, the use of non-structured triangular meshes may 
significantly reduce the time required for the preparation of the finite element meshes. Hence, 
the benchmarks presented in section 2.1 aim to demonstrate the competitiveness of the enriched 
triangular elements in RamSeries. 

Next, section 2.2 is devoted to validate the implementation of the RoM/SP-RoM advanced 
constitutive model for composite materials implemented also in RamSeries to allow the modelling 
of the non-linear and damage behaviour of FRP-based materials. To this aim, numerical 
benchmark models are built with the aim of simulating the axial and flexural laboratory tests 
performed in WP2 with samples manufactured using the FRP material down-selected in the same 
workpackage. 

In section 3, full-scale validation models are addressed to verify not the basic implementation of 
the numerical models but their proper operation when being used to simulate the actual 
behaviour of composite structures in real situations and during the design, analysis and structural 
health monitoring of ships. One of the objectives of these more complex models is to identify the 
strengths and weaknesses of the various proposed methodologies and to propose improvements 
and corrective measures to increase the reliability and usefulness of both, the numerical tools and 
the experimental procedures. First, the feasibility of using numerical tools for the structural health 
monitoring of ships in operational conditions is examined. To this end, three components of the 
RamSeries software suite, that could potentially be part of a monitoring system, will be tested 
using experimental data gathered during the different experimental campaigns undertaken in 
WP7 and also by comparison against data available from the literature. First, information from the 
experimental campaign of measurements conducted in the ZIM Luanda containership in task 7.1 
will be used to try to assess the viability of using the time-domain seakeeping solver of RamSeries 
to predict the dynamic behaviour of large length ships under real sea state conditions. Next, the 
newly implemented iFEM numerical tool will be tested using both, experimental data from the 
vibration tests in task 7.1 and virtual experiments explicitly devised to assess the viability of the 
structural health monitoring methodology proposed within this context. Finally, the performance 
of the monolithic hydroelastic solver implemented in RamSeries is compared against the well-
stablished partitioned hydroelastic solver already present in the software. The aim of this 
comparison is to assess the advantages provided by the new solver in the complex task of 
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simulating fully coupled problems involving full-scale ship models subjected to the dynamic action 
of the pressure loads arising in real sea state navigation conditions. 

The last part of this document is specifically dedicated to the verification of the collapse 
assessment tools implemented also in RamSeries for the analysis of the structural behaviour of 
composite structures when subjected to the action of fire. The poor performance of composite 
materials at relatively high temperatures is one of the main limiting factors precluding the use of 
these materials in building large length ships. Hence, having tools capable of predicting the 
behaviour of composite material structures under the action of fire is a must. In section 3.4.1 well-
stablished results from the literature are used to validate the basic implementation of a thermo-
mechanical model in RamSeries which offers the possibility of modelling the pyrolysis phenomena 
in composite materials. Next, in section 3.4.2 the coupled thermo-mechanical model is tried out 
by using it in the simulation of the FTP-Code fire test performed in WP7 for the collapse 
assessment of an FRP sandwich panel intended to be used in the manufacturing of a ship’s 
bulkhead. 

One final objective of task 3.4 was to demonstrate the use of the various numerical tools through 
the graphic user interface of RamSeries. In this sense, examples on the use of the GUI to generate 
the models and to provide input data are presented when suitable in the various sections of the 
document. However, section 4.1 is fully devoted to illustrate the use of the GUI of RamSeries to 
create a CAE model for the simulation of a fire scenario in the containership. The final outcome of 
this process is the generation of the corresponding native input file for the external fire dynamics 
solver (FDS) used in WP4 for the analysis of the different fire scenarios in the three categories of 
vessels under consideration in FIBRESHIP. 

The results from the basic benchmarks in section 2.1 proved the competitiveness of the enriched 
triangular element in RamSeries. This allows the use of non-structured triangular meshes in the 
analysis of large and complex ship geometries. This in turn may reduce the human/time effort 
required to prepare the CAD/CAE models necessary for direct structural assessment of large-
length ships using the finite element method. On the other hand, the validation cases devised in 
section 2.2 demonstrated the capabilities of the RoM/SP-RoM constitutive model implemented in 
RamSeries during the project to reproduce the non-linear behaviour of FRP materials, like those 
down-selected in WP2. This constitutes another important step forward to the modelling of large 
length ships while accounting for dynamic effects like fatigue damage. 

The results in section 3.1 and 3.3. pointed out some limitations of both, experimental and 
numerical procedures for the monitoring of large length ships in operational conditions and for 
the assessment of damage in composite structures. However, the validation of the seakeeping 
solver against the data gathered during the experimental campaign on board of the ZIM Luanda, 
allowed to devise corrective measures to improve the proposed methodologies. Similarly, the 
validation of the iFEM tool demonstrated the feasibility of using this tool for the assessment of 
damage and provided guidelines on how to improve the experimental methodologies to make 
them useful for structural health monitoring purposes. In addition, the results of the benchmarks 
used to assess the performance of the new monolithic solver implemented in RamSeries indicate 
an increase in the computational performance of almost one order of magnitude in the solution 
of strongly coupled hydro-elastic problems. This is a very significant result since it moves the 
hydro-elastic coupled analysis one step forward to be used in a daily basis during the design 
process instead of being a costly research tool. 
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Finally, the last set of benchmark models allowed to successfully validate the implementation of 
the thermomechanical model required to take into account the pyrolysis of FRP materials when 
exposed to relatively high temperatures and the consequent degradation of the mechanical 
properties. This also constitutes a significant improvement for the development of numerical tools 
for collapse assessment of composite structures.   
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freedom (i.e. X global axis direction). However, this fixation is introduced in the form of a variable 

elastic constraint. (c) On the ceiling edge, the panel is considered to be solidary to the structural 

frame load and consequently it is only fixed in the out of plane degree of freedom. A boundary load 

of 7 kN/m is applied over this edge in the vertical direction in accordance to the specifications of the 

FTP-Code fire test. ............................................................................................................................. 120 

Figure 90. Mechanical deflection in the out-of-plane direction at the center of the unexposed face of the 

panel. Numerical prediction is compared with the experimental measurements showing a fairly 

good agreement. ............................................................................................................................... 121 

Figure 91. Out of plane deflection profile at the vertical mid-section of the panel at time t = 5100 s before 

the experimental test starts to collapse. ........................................................................................... 123 

Figure 92. Damage pattern at time t = 5100s before the experimental test starts to collapse. ................ 124 

Figure 93. (a) Test picture and simulation results at t=3600s. (b) Test picture and simulation results at 

t=5100s. ............................................................................................................................................ 125 

Figure 94. Time evolution of the deflection close to the upper right corner of the panel as predicted by 

the numerical model. Note that short after the time when the experiment was ceased because of 

security reasons, the numerical model suggests the possibility of a bulging of the panel to occur by a 

sudden change in the sign of the deflection. .................................................................................... 125 

Figure 95. Schematic representation of the model geometry with dimensions (see [29] for details). ...... 127 

Figure 96. Global view of the GUI of RamSeries during the definition of a CAE model for the use of FDS in 

the analysis of a fire scenario in the superstructure of the containership as it was performed in [29].

 .......................................................................................................................................................... 128 

Figure 97. Time data used during the simulation of the fire scenarios of the containership..................... 129 

Figure 98. General data showing the selection of the Deardorff turbulence model to be used in the 

simulation of the various fire scenarios concerning the containership vessel. ................................. 129 

Figure 99. Subdivision of the computational domain into mesh blocks to be used in a parallel 

computation. (a) The twelve coloured blocks correspond to different spaces of the superstructure of 

the containership. (b) and (c) show the disposal of the various mesh blocks in the RamSeries data 

tree and a detail on the definition of one of the computational blocks (i.e. the crew dayroom). Basic 

data to be provided for the definition of each block simply consists on the number of cells on each 

spatial direction to be used for numerical discretization. In this case, the number of cells is adjusted 

to obtain a spatial discretization of about 10 centimetres................................................................ 130 

Figure 100. Location of the towel rack fire. In this particular case, the design fire is located at the corner 

of the laundry room. ......................................................................................................................... 131 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 19 of 147 

Figure 101. Definition of the design fire using the graphical user interface of RamSeries. The maximum 

heat release rate occurs between t = 200 s. and t = 510 s. where a maximum constant heat release 

rate per unit area of 500 kW/m2 is attained. When applied to the surface of the prismatic volume 

representing the towel rack which has an area of 3.2 m2, it amounts to a maximum heat release rate 

of 1600 kW (see [29] for further details). ......................................................................................... 131 

Figure 102. Location of the various air supplies in the middle of each individual space of the 

containership’s model. ...................................................................................................................... 132 

Figure 103. Location of the various air exhausts within each individual space of the containership’s model.

 .......................................................................................................................................................... 132 

Figure 104. Leakages associated to each closed door in the containership’s model. In the case 

corresponding to the present figure, all doors are closed except the one connecting the laundry 

room with the corridor and the door to open deck at the portside end of the corridor. ................. 133 

Figure 105. Detail of the leakage defined within the closed door separating the cabin 1 space from the 

corridor. Similar leakages are defined for each closed door. The leaking area is assumed to be 

located low on the door panel and has and associated area of about 0.023 m2. ............................. 133 

Figure 106. Definition of the layered structure of the steel panels used in the containership fire scenario. 

(a) The external surfaces of the panel are actually made of steel and have a thickness of 2 

millimetres. The core of the panel is made of RockWool and has a thickness of 6 centimetres. (b) 

Note that when defining the layered structure of each surface in FDS, the complete materials’ 

database of RamSeries is accessible. ................................................................................................ 134 

Figure 107. Definition of external boundaries of the computational domain. .......................................... 135 

Figure 108. Definition of upper and bottom deck boundaries................................................................... 135 

Figure 109. Definition of boundaries separating different spaces within the computational domain....... 135 

Figure 110. Gas temperature monitoring points. (a) Top view. (b) Isometric view. Note that one gas 

temperature monitoring point is defined at each cabin, while several monitoring points are 

distributed across the corridor and at different locations and heights within the laundry room where 

the fire takes place. The list of identifiers associated to each measurement device is also shown at 

the right side of the figure. ............................................................................................................... 136 

Figure 111. Gas pressure monitoring points. (a) Top view. (b) Isometric view. Note that one gas pressure 

monitoring point is defined at each cabin, one additional one is located in the crew’s dayroom, and 

two of them are finally located in the corridor. The list of identifiers associated to each 

measurement device is also shown at the right side of the figure. ................................................... 137 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 20 of 147 

Figure 112. Global view of the GUI of RamSeries showing the FDS process information windows during 

the calculation of one the containership’s fire scenario. .................................................................. 138 

  



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 21 of 147 

LIST OF TABLES 

Table 1. Geometry and material properties of the Scordelis-Lo roof problem ............................................ 25 

Table 2. Downward deflection reported in [4] versus results obtained with RamSeries for different 

element types. .................................................................................................................................... 26 

Table 3. x stress component at the top side of the shell obtained with the different shell elements in 

RamSeries. .......................................................................................................................................... 26 

Table 4. Geometry and material properties of the Cook's problem ............................................................ 28 

Table 5. Results reported in [3] concerning the vertical displacement at the mid-point of the loaded edge 

of the Cook's wedge, versus the results obtained with RamSeries for different element types and 

mesh resolutions. ................................................................................................................................ 28 

Table 6. Numerical results for the y stress at the mid-point of the loaded edge of the Cook's shell 

problem. .............................................................................................................................................. 29 

Table 7. Summary of the results of the tensile tests to failure performed in the specimens of LEO-system 

laminates oriented along the longitudinal direction. Data extracted from reference [11] in WP2. .... 35 

Table 8. Summary of the results of the tensile tests to failure performed in the specimens of LEO-system 

laminates oriented along the transverse direction of the fibres. Data extracted from reference [11] 

in WP2. ................................................................................................................................................ 35 

Table 9. Summary of matrix and fibre material properties adjusted to fit the simulations to the 

experimental force-displacement curves. ........................................................................................... 39 

Table 10. Navigation and sea state conditions registered during the experimental measurements 

campaign on board of the Zim Luanda ............................................................................................... 52 

Table 11. Wave spectra definition as it is specified in SeaFEM for each of the tests in Table 10 ................ 53 

Table 12: Performance of the two hydroelastic solvers being compared. Note that the new monolithic 

solver implemented in RamSeries is about 8 times faster than the partitioned solver already existing 

in RamSeries. ....................................................................................................................................... 83 

Table 13: Performance of the two hydroelastic solvers during the computation of the S175 hull in 

following waves. It can be observed that the new monolithic solver implemented in RamSeries is 

about 8 times faster than the partitioned (iterative) solver already existing in RamSeries. ............... 86 

Table 14: Variation in the values of the natural frequencies of the bulkhead structure under analysis due 

to the damage introduced in specific plates of the model in the form of reduced stiffness of the 

material. Note that the maximum change occurs for mode 5, but the change in the natural 

frequency is as small as 0.25 Hz. ......................................................................................................... 93 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 22 of 147 

Table 15: Variation in the values of the natural frequencies of the bulkhead structure under analysis due 

to the damage introduced by reducing the effective thickness of selected plates by an amount of 

10% and 20% respectively. Note that the maximum change attained in the natural frequencies is of 

about 1.0 Hz at most. .......................................................................................................................... 95 

Table 16: Material properties required to characterize the thermomechanical and pyrolysis behaviour 

simulated using the numerical model implemented in RamSeries. .................................................... 97 

Table 17. Arrhenius law parameters calibrated for the LEO system composite material. ......................... 107 

Table 18. Arrhenius law parameters for the PVC material as provided in [22]. ......................................... 111 

Table 19. Fitting parameters of the Moritz-Gibson type of law [22] to the experimental measurements of 

the temperature dependence of the Young’s modulus of the LEO system (see Figure 87). ............. 115 

Table 20. Final value of the volume fraction that best matches the properties of the equivalent 

composite. ........................................................................................................................................ 116 

Table 21. Thermal expansion coefficient of the LEO system composite. The same value is assumed to 

apply to both, fibre and matrix and to adjust to the global behaviour of the composite. ................ 117 

Table 22. Fitting parameters of the Moritz-Gibson type of law [22] to the experimental measurements of 

the temperature dependence of the Young’s modulus of PVC (see Figure 88 and reference [25]). 117 

Table 23. Thermal expansion coefficient of the PVC. Note that the value obtained from the numerical 

calibration is slightly higher than that reported in the TPS tests. ..................................................... 117 

Table 24. Elastic properties of the Rockwool insulation material as estimated from the stiffness matrix 

numerically computed in [26]. .......................................................................................................... 119 

Table 25. Isotropic elastic properties finally used to characterize the elastic. ........................................... 119 

Table 26. Summary of important issues observed and recorded by the EUROFIN technicians during the 

FTP-Code Part 11 fire test. ................................................................................................................ 122 

 

  



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 23 of 147 

NOMENCLATURE/ ACRONYM LIST 

Acronym Meaning 
FRP Fibre-reinforced Polymer 
FEM Finite Element Method 
FDS Fire Dynamics Simulation 
IMO International Maritime Organization 
SSCC Classification Societies 
SOLAS Safety of Life at Sea 
  

  



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 24 of 147 

1. Introduction 
The use of enriched triangular shell elements in RamSeries is a cornerstone of the methodology 
proposed in FIBRESHIP for the structural assessment of large length ships using direct dynamic 
simulations in real sea states. The complexity and level of detail of the geometrical description 
required for the direct finite element analysis of dynamic structural problems involving a full-size 
model of the ship, makes unfeasible the use of structured or semi-structured quadrilateral 
meshes. Instead, the use of non-structured triangular meshes is almost mandatory. To this aim, a 
competitive triangular element must be used in the calculations. The objective of the basic 
benchmarks in section 2.1 is to demonstrate the versatility and accuracy of the drilling rotation 
triangular element implemented in RamSeries and, in particular, its competitive performance 
compared with the standard bilinear quadrilateral element. 

On the other hand, the use of direct dynamic simulations provides the opportunity of addressing 
non-linear effects like for instance fatigue damage. However, for this to be feasible, a proper 
constitutive model accounting for damage in FRP materials is required. The basic benchmarks in 
section 2.2 are devised precisely to validate the implementation in RamSeries of the RoM/SP-RoM 
constitutive model aimed at modelling the non-linear damage behaviour of composite materials. 

 

2. Basic benchmarks 

2.1. Verification of available finite element types in RamSeries 
The first benchmark presented in this document consists on a series of academic examples aimed 
to demonstrate the accuracy of the various element formulations implemented in RamSeries for 
modelling shell structures. To summarize, shell element types available in RamSeries are listed 
below: 

• Linear DKT triangle [1] 

• Linear drilling rotation triangle [2], [3] 

• Linear quadrilateral 

• Quadratic triangle 

• Quadratic quadrilateral 

The purpose of the benchmarks presented in this section is to demonstrate the goodness of the 
drilling rotation triangular element as compared to both, the classical triangular DKT element and 
the quadrilateral elements usually recommended for the finite element analysis of shell structures. 

 

 Benchmark 1: Scordelis-Lo roof 
The geometry, material properties and the boundary conditions used in this test case are shown 
in Figure 1 and Table 1. Only one quadrant of the roof is analysed with just a self-weight load 
condition. For the sake of validation, the convergence of the vertical downward deflection at the 
mid-point of the free edge (point B in the figure) is evaluated. Results are compared against those 
reported in [4], [5], [6], [7], [8]. 
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Figure 1. Schematic representation of the geometrical model used to analyse the Scordelis-Lo roof problem. Only 

one-fourth of the roof is modelled using the appropriate symmetry boundary conditions. 

 

Table 1. Geometry and material properties of the Scordelis-Lo roof problem 

Roof radius R = 25 m 

Roof length L = 50 m 

Shell thickness t = 0.25 m 

Young modulus E = 4.32E+8 Pa 

Poisson coefficient v = 0 

Self-weight 90 N/m2 

 

In Figure 2, RamSeries results are plotted together with several series of data reported in [4] and 
compiled in Table 2. The exact value of the vertical downward deflection at the mid-point of the 
free edge is 0.3024, as stated in [7]. As it can be observed, the rate of convergence of the 
RamSeries drilling-rotation element is similar to that of its quadrilateral element which is in turn 
almost identical to the rate of convergence of the 6-Noded triangle. In all three cases, the 
convergence is much better than that of the classical DKT element implemented also in RamSeries. 
Note that the results of the DKT element are identical to the flat shell element STRI3 formerly used 
in the commercial finite element package ABAQUS [4]. 
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Table 2. Downward deflection reported in [4] versus results obtained with RamSeries for different element types. 

Num. of nodes 81 121 169 289 441 

Mohan 0.2986 0.2991 0.2994 0.2998 0.3001 
Chen (1992) 0.2999 0.2999 0.3001 0.3002 --- 
Carpenter et al. (1985) 0.3006 0.3003 0.3003 0.3003 0.3003 
STRI3 0.2642 0.2752 0.2819 0.2896 0.2933 
RamSeries DKT triangle 0.2640 0.2750 0.2819 0.2895 0.2933 
RamSeries drilling rotation triangle 0.3091 0.3059 0.3042 0.3026 0.3018 
RamSeries quadratic triangle 0.2949 0.2970 0.2988 0.3009 0.3019 
RamSeries linear quadrilateral 0.2939 0.2970 0.2988 0.3007 0.3016 

 

 
Figure 2. Vertical downward deflection of point B in Figure 1. Results are plotted as a function of the mesh 

resolution to assess the convergence of each element type. Series in blue correspond to different elements from the 
literature. Series in green correspond to the different shell element types available in RamSeries. 

 

In Table 3 and Figure 3, RamSeries results concerning the convergence of the x stress component 
at the top side of the shell are presented. 

Table 3. x stress component at the top side of the shell obtained with the different shell elements in RamSeries. 

Num. of nodes 81 121 169 289 441 

RamSeries DKT triangle 1.61E+05 1.68E+05 1.73E+05 1.78E+05 1.80E+05 
RamSeries drilling rotation triangle 1.97E+05 1.92E+05 1.90E+05 1.87E+05 1.86E+05 
RamSeries quadratic triangle 1.77E+05 1.77E+05 1.80E+05 1.82E+05 1.83E+05 
RamSeries linear quadrilateral 1.75E+05 1.78E+05 1.80E+05 1.82E+05 1.83E+05 
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Figure 3. Convergence of the x component of stress at a point located at the top side of the shell. 

 

 Benchmark 2: Cook’s problem 
This test case is based on the Cook's problem, a benchmark test proposed by Cook for 
nonrectangular quadrilateral elements and for which results have been published for many 
element types [3]. It consists on a clamped trapezoidal under end shear. The arrangement of the 
corresponding plane stress problem is depicted in the figure bellow. 

 
Figure 4. Geometrical description of the Cook's problem 
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Table 4. Geometry and material properties of the Cook's problem 

Shell thickness t = 1.0 m 
Young modulus E = 1.0 Pa 
Poisson coefficient v = 0.3333 

 

It doesn't exist a known analytical solution, but the optimal results for the 64x64 mesh may be 
used for the sake of comparison. In this sense, extrapolation of the OPT results yields a theoretical 
value for the vertical displacement for the mid-point of the loaded face uyc = 23.956 m. The results 
reported in [3] for different element types are summarized in Table 5 and are compared with the 
results obtained in RamSeries using the different element types available. Both, linear and 
quadratic elements are tested in RamSeries. 

Table 5. Results reported in [3] concerning the vertical displacement at the mid-point of the loaded edge of the 
Cook's wedge, versus the results obtained with RamSeries for different element types and mesh resolutions. 

Num. of nodes 4 16 64 256 1024 4096 

ALL-3I 21.61 23.00 23.66 23.88 23.94 --- 

ALL-3M 16.61 21.05 23.02 23.69 23.87 --- 

ALL-EX 19.01 21.83 23.43 23.81 23.91 --- 

ALL-LS 19.43 22.32 23.44 23.82 23.92 --- 

CST 11.99 18.28 22.02 23.41 --- --- 

FF84 20.36 22.42 23.41 23.79 23.91 --- 

LST-Ret 19.82 22.62 23.58 23.86 23.94 --- 

OPT 20.56 22.45 23.43 23.80 23.91 23.95 

FFQ 21.66 23.11 23.79 23.88 23.94 --- 

HL 18.17 22.03 --- 23.81 --- --- 

HG 22.32 23.23 --- 23.91 --- --- 

Q4 11.85 18.30 --- 23.43 --- --- 

Q6 22.94 23.48 --- --- --- --- 

QM6 21.05 23.02 --- --- --- --- 

RamSeries drill rotation triangle 20.91 22.24 23.31 23.72 23.87 23.93 

RamSeries DKT triangle 11.99 18.3 22.02 23.41 23.81 23.92 

RamSeries quadratic triangle 22.61 23.79 23.93 23.95 23.96 23.97 

RamSeries linear quadrilateral 11.85 18.33 22.1 23.43 23.82 23.92 

RamSeries quadratic quadrilateral 22.72 23.71 23.88 23.95 23.96 23.96 

 

First, it can be observed in Figure 5 that the rate of convergence of the triangular DKT element in 
RamSeries is similar to that of the linear quadrilateral also in RamSeries. And both results are 
almost identical to those reported in [3] for the Q4 element, that corresponds to a quadrilateral 
element used in [9]. On the other hand, note that the drilling-rotation triangle in RamSeries 
converges much faster than the above mentioned linear DKT and quadrilateral elements, being 
the actual results of the drilling-rotation triangle very similar to those reported as optimal (OPT) 
in [3]. Finally, faster convergence is achieved, as it can be expected, when using quadratic 
elements, whether they are triangles (6-Noded RamSeries triangle) or quadrilaterals. 
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Figure 5. Convergence of the vertical displacement for the Cook problem 

In Table 6 and Figure 6 RamSeries results concerning the convergence of the y stress at the mid-
point of the loaded edge of the shell are presented. 

Table 6. Numerical results for the y stress at the mid-point of the loaded edge of the Cook's shell problem. 

Num. of nodes 4 16 64 256 1024 4096 

RamSeries drilling rotation triangle 0.1076 0.1176 0.1037 0.1168 0.1277 0.1344 
RamSeries DKT triangle 0.0310 0.0492 0.0781 0.1060 0.1246 0.1338 
RamSeries quadratic triangle 0.0729 0.0896 0.1106 0.1282 0.1369 0.1404 
RamSeries linear quadrilateral 0.0395 0.0749 0.1123 0.1350 0.1427 0.1436 
RamSeries quadratic quadrilateral 0.0741 0.0902 0.1105 0.1280 0.1368 0.1404 
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Figure 6. Convergence of the y component of stress at the mid-point of the loaded edge of the shell. 

 

 Benchmark 3: Cantilever beam under punctual load 
This validation model is based on the analysis of a clamped thick cantilever beam under a point 
load at its free end. This benchmark was selected since it has the advantage of being directly 
comparable against the corresponding analytical solution (see for instance [10]). A schematic 
representation of the model under analysis is presented in Figure 7. The results for both, the 
maximum vertical deflection of the beam and the x-component of stress at the centre of the lower 
fibre of the beam, can be compared against analytical values. In this sense, the maximum vertical 
deflection can be estimated following the beam's theory  as: 

𝛿 =
𝑃𝐿

3𝐸𝐼
+

𝑃𝐿

𝐺𝐴
 

where P=900N is the applied punctual load, L=10 m is the length of the beam, E=2.0e8 Pa is the 
Young's modulus, 𝐼 = 𝑏ℎ /12 being b=0.1 m and h=1.0 m the thickness and height respectively 
of the beam. G is the shear modulus 𝐺 = 𝐸(1 + 𝜈)/2 (being 𝜈 = 0.2) and 𝐴 = 5/6 · 𝑏 · ℎ. 

Similarly, the x-component of stress at the centre of the lower fibre of the beam can be estimated 
as: 

𝜎 =
3𝑃𝐿

𝑏ℎ
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Figure 7. Schematic representation of the cantilever beam under punctual load problem 

Following theses expressions, the analytical values for the maximum deflection and for the x-
component of stress at the centre of the lower fibre of the beam result to be: 

𝛿 = 0.181 𝑚 

𝜎 = 2.7𝑒5 𝑃𝑎 

Convergence results for the various element types available in RamSeries are presented in Figure 
8 and Figure 9. It can be observed that in this case all element types in RamSeries converge exactly 
to the same value of maximum deflection, being the convergence much faster when using 
quadratic triangles. Among the various types of linear elements, again the drilling rotation triangle 
behaves better in terms of vertical deflection convergence. In terms of stress results, the drilling 
rotation triangle behaves better than the classical DKT triangle, but the convergence is slower than 
that of linear quadrilateral or quadratic triangles. 

 
Figure 8. Convergence of the maximum vertical deflection of the cantilever beam 
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Figure 9. Convergence of the x component of stress at centre of the lower fibre of the beam 

The results of the three benchmarks presented in the previous sections suggests that the relative 
performance of the drilling rotation triangle in RamSeries when compared to other elements in 
RamSeries or in the literature depends on the actual stress state under analysis. However, as a 
trend, the drilling rotation triangle behaves better than the DKT triangle and improves the results 
of the linear quadrilateral in many situations. When the performance of the drilling rotation 
triangle is not enough, the liner quadrilateral is usually not an option neither and quadratic 
elements are required. When this is the case, the 6-noded triangle in RamSeries may be a 
competitive option as well, thus still allowing the use of non-structured triangular meshes. 

 

2.2. Validation of the RoM/SP-RoM theory for composite materials 
For the validation of the RoM/SP-RoM model implemented in RamSeries, the mechanical tests 
performed in WP2 for the characterization of the LEO system are being reproduced numerically 
in this section. The specimen configuration being used is the one provided by ULIM in WP2. It 
consists on a 4 plies monolithic composite where each ply can be described and characterized by 
the properties reported in the datasheet shown in Figure 10. 
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Figure 10. Datasheet describing the properties and composition of the LEO-system plies used in the manufacturing 

of the monolithic laminate specimens tested in WP2 for mechanical properties assessment. 

 

Following the specifications of the datasheet, each layer nominally contains a 90% of 
unidirectional (UD) fibres and a 10% of transversal fibres and stitching. Nevertheless, these 
percentages are in terms of pure areal weight. This means that a correction factor may be 
necessary to calibrate a more appropriate ratio of unidirectional and transversal fibres 
distribution. Note also that the reinforcement fibres in the transversal direction (90º) have a lower 
density (200 and 60 TEX) than those in the longitudinal direction (2400 TEX). This must be also 
considered in order to assess a precise equivalent thickness for the 0º and 90º fractions of the 
monolithic stack. 

 

 Axial tests and calibration of material properties 
The axial tests in WP2 are used for calibration of the material properties as is explained in the 
following section. The idea was to use this simple tensile test to calibrate the right proportion that 
allows to obtain numerically the correct Young’s modulus in both, longitudinal and transversal 
direction. As will be seen in the following discussion, such a calibration shows that a more 
appropriate distribution of longitudinal (0º) and transversal (90º) fibres would correspond to a 
proportion of 83% and 17% respectively. 
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2.2.1.1. Analysis of tensile test experimental results 
Table 7 and Table 8 summarize the results of the tensile tests performed by ULIM in WP2 with the 
specimens oriented along the fibre direction and in the transversal direction respectively. In order 
to calibrate the material properties, first the experimentally measured stress-strain curves for the 
longitudinally oriented specimens are addressed. In Figure 11 the stress-strain curves 
corresponding to the five specimens tested in WP2 are plotted together with the elastic response 
obtained assuming the averaged Young modulus reported in [11] and summarized in Table 7. Note 
that two different values of the Young modulus are provided. The first one corresponds to the 
linear stress-strain response obtained when measuring the displacements with the extensometer 
during the first stage of the experimental test. And the second value of the Young modulus 
reported in Table 7 corresponds to the best fitting to the initial elastic part of the experimental 
curves as measured using the displacement at the grips. The point here is that, due to the abrupt 
rupture of the specimens when tested along the longitudinal direction, the extensometer must be 
removed before the end of the test. Hence, a Young modulus estimated from the extensometer 
measurements (which is the more precise measure) can be provided during the early stages of the 
test. Nevertheless, the entire stress-strain curve, including to the non-linear response and further 
failure, can only be recorded without the extensometer and using the displacements from the 
grips. These latter curves are the actual ones plotted in Figure 11. 

 

 
Figure 11. Experimentally measured tensile stress-strain curves for the LEO system laminate specimens tested at 0º 
in WP2. The elastic responses are estimated using the Young’s modulus reported in WP2 and summarized in Table 7 
of the present document. The red-dashed line corresponds to the Young modulus measured with the extensometer 
at the beginning of the test. The black-dashed line corresponds to the Young modulus fitted to the initial part of the 

stress-strain curve which is obtained using the displacements at the grips. 
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Table 7. Summary of the results of the tensile tests to failure performed in the specimens of LEO-system laminates oriented along the longitudinal 
direction. Data extracted from reference [11] in WP2. 

Sample ID 
Length 
(grips) Length Width Thickness Failure 

Load 
Failure 
Stress 

Stroke 
(@ failure) 

Strain 
(@ failure) 

Young's 
modulus, E 

Young's 
modulus, E 

(mm) (mm) (mm) (mm) (kN) (MPa) (mm) (%) (GPa) 1 (GPa) 2 
LEO UD - T1 134 294 24.74 3.19 62.9 818.5 5.4 4.0 37.9 26.3 

LEO UD - T2 134 294 24.79 3.213 60.5 765.5 5.3 3.9 36.8 25.3 

LEO UD - T3 134 294 24.82 3.237 53.4 677.2 4.2 3.1 35.6 25.2 

LEO UD - T4 135 295 24.81 3.1 54.3 681.9 4.5 3.3 33.6 26.9 

LEO UD - T5 135 295 24.82 3.183 54.2 674.8 4.7 3.5 33.8 25.8 

Average 134.4 294 24.8 3.2 57.1 732.6 4.8 3.6 35.5 25.9 

CV 0.40% 0.20% 0.13% 1.63% 7.6% 9.0% 10.70% 10.80% 5.30% 2.80% 

 

Table 8. Summary of the results of the tensile tests to failure performed in the specimens of LEO-system laminates oriented along the 
transverse direction of the fibres. Data extracted from reference [11] in WP2. 

Sample ID 
Length 
(grips) Length Width Thickness Failure 

Load 
Failure 
Stress 

Stroke 
(@ failure) 

Strain 
(@ failure) 

Young's 
modulus, E 

(mm) (mm) (mm) (mm) (kN) (MPa) (mm) (%) (GPa) 1 
LEO 90º - T1 128 288 25.27 3.573 4.7 51.9 0.3 0.6 11.6 

LEO 90º - T2 128 288 25.14 3.393 5 61.1 0.7 1.3 12.3 

LEO 90º - T3 128 288 25.15 3.303 4.8 57.3 0.6 1.3 12.2 

LEO 90º - T4 128 288 25.15 3.277 4.5 54 0.5 0.9 12.4 

LEO 90º - T5 128 288 24.95 3.397 5 58.8 0.7 1.3 12.1 

Average 128 288 24.93 3.4 4.8 56.6 0.6 1.1 12.1 

CV 0.00% 0.00% 3.02% 3.43% 4.4% 6.5% 29.90% 29.60% 2.60% 
 

1 Young’s modulus obtained from the measures of the extensometer 
2 Young’s modulus corresponding to the displacements measured from the grips 
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Note that the Young’s modulus of 35.5 GPa suggested by the measures of the extensometer 
corresponds to the red-dashed line in the figure. And the one estimated from the grips data is 
about 25.9 GPa, corresponding to the black-dashed line. Using the Young’s modulus obtained from 
the grips and applying the rule of mixtures with the volume fraction provided by the manufacturer, 
the glass fibre should have a Young’s modulus of about 58 GPa, which is quite a low value and 
would also conflict with the results of the experiments conducted with specimens along the 
transversal direction. Moreover, it is well known that the data from the extensometers is much 
more accurate since it allows to measure the deformation in the central region of the specimen 
being tested where the actual deformation occurs. This indicates, that the experimental curves 
must be somehow re-scaled before being used to calibrate the simulations. To this aim, the force-
displacement curves (Figure 12) are addressed instead of the stress-strain curves. 

 
Figure 12. Experimentally measured force-displacement curves for the LEO system laminate specimens tested at 
0º in WP2. The elastic responses are estimated using the Young’s modulus reported in WP2 and summarized in 

Table 7 of the present document. The black-dashed line corresponds to the stiffness fitted to the initial part of the 
force-displacement curve which is obtained using the displacements at the grips. 

 

The displacements measured with the extensometer should be always considered to be more 
accurate but as explained before, because of the abrupt failure of the specimens tested at 0º, the 
extensometer cannot be used until the end of the experiment but must be removed before failure. 
Hence, the displacement in the curves above corresponds to that measured at the grips. Since the 
deformation in the tensile test is not uniform, the displacement measured at the grips may be less 
accurate, thus giving apparent lower values of the Young’s modulus and stiffness. Therefore, the 
best approach is to re-scale the sample curves not in terms of the force but in terms of the 
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displacements. In order to understand this change of the displacement, note that the re-scaled 
value would be the displacement obtained if the grips would actually measure the correct Young 
modulus. This can be understood by using rod theory: 

𝐾

𝐸
=

𝑡 · 𝑤

𝑙
 

Where K is the stiffness, E is the Young’s modulus and t, w and l are the thickness, the width and 
the length of the sample respectively. Assuming that an axial test specimen should be in 
accordance with this formula (and neglecting second order phenomena such as the Poison effect) 
and taking into account that the thickness, the width and the length are fixed, it means that the 
ratio K/E has to be constant as well. 

If we want to use the length between grips and obtain a similar response to that of the 
extensometer, there would be a problem. The only solution is to check the relationship in a static 
structural problem in the form: 

𝐾 · 𝑢 = 𝐹 

If we want to use the stiffness from the extensometer, either the force or the displacement must 
be modified. In our case, the force is kept constant since it can be measured accurately from the 
load cell. Therefore, the displacement must be modified by the ratio between the Young modulus 
(or stiffnesses) from the extensometer and that from the grips. In our case, taking the average 
value of Young’s modulus across all the tests, this ratio results to be: 

𝐾

𝐾
=

𝐸

𝐸
=

35.5

25.9
= 1.37 

and consequently 

𝐾 = 1.37 · 𝐾  

𝑢 =
𝑢

1.37
 

This allows to estimate the actual stiffness corresponding to the extensometer measures (plotted 
as a red-dashed line in Figure 12) and to re-scale the displacements to obtain the force-
displacements curves to be used as reference for calibration of the simulations. The re-scaled 
curves are presented in Figure 17 of section 2.2.1.2 together with the numerical results obtained 
after final calibration of material properties. 

It can be observed in Figure 13 that the tensile tests performed with specimens oriented along the 
transversal direction of the fibres do not exhibit an abrupt failure of the sample but present a more 
gradual non-linear damage evolution. This allows for the entire force-displacement curve to be 
measured using the extensometer. Hence, the experimental curves in this case are already valid 
and do not require a re-scaling for comparison with the numerical results. 
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Figure 13. Experimentally measured force-displacement curves for the LEO system laminate specimens tested at 

90º (transversal fibres direction) in WP2. The elastic response (red-dashed line) corresponds to the stiffness fitted 
to the averaged initial part of the force-displacement curves (elastic regime). 

 

2.2.1.2. Numerical model material properties calibration 
After careful analysis of the experimental data in section 2.2.1.1, it can be concluded that the re-
scaled set of force-displacement curves in Figure 12 and the original ones in Figure 13 provide the 
basis for the calibration of the material properties required by the numerical model. This 
calibration process is presented in this section. 

A CAE model of both, longitudinal and transversal tensile test specimens was built in RamSeries. A 
sketch of the model indicating the sample sizes and boundary conditions is presented in Figure 14. 
Note than only one fourth of the specimen is modelled by the FEM method in order to reduce the 
computational cost. To this aim, appropriate symmetry boundary conditions are applied to the 
longitudinal and transversal center lines of the sample. Displacement boundary conditions are 
further applied to the free edges of the specimen (green boundaries in Figure 14). In the case of 
the UD samples the length of the simulated specimen was the distance between grips. By contrast, 
the transversely oriented specimens were modelled assuming the effective length to be the 
distance between extensometers. 

By using the standard rule of mixtures and a first estimate of the fibres volume fraction inferred 
from the information provided by the manufacturer, together with the stacking sequence 
information of the tested samples, a first estimation of the fibres and matrix elastic properties is 
obtained. This data is used as an input for the material properties in the numerical model used in 
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RamSeries to reproduce the tensile test experiments. The force-displacement curves obtained 
with RamSeries are further refined iteratively by adjusting the material properties until a 
satisfactory prediction of both, longitudinal and transversal tensile curves are obtained. The fine 
tuning of the predicted tensile curves is done by adjusting both, the elastic properties and the 
damage model parameters necessary to capture the non-linear part of the experimental curves. 
The final set of properties that best match the experimental results is summarized in Table 9. 

 
Figure 14. Schema of the CAE model constructed in RamSeries to simulate the tensile tests of both, transversal 

(top) and longitudinal (bottom) samples of the LEO system. 

 

Table 9. Summary of matrix and fibre material properties adjusted to fit the simulations 
to the experimental force-displacement curves. 

Damage property Symbol Units Matrix Fibre 
Young modulus E (GPa) 3.35 72 

Poison coefficient  - 0.26 0.21 
Specific weight w (N/m3) 10791 24900 

Yield stress y (MPa) 20 1800 
Fracture energy Gf (N/m) 1.2E+04 8.0E+05 
Saturation stress sat (MPa) 0 0 

Traction/Compression ratio ct - 1 1 
Damage law     Exponential Exponential 

Damage norm     Symmetric Symmetric 
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The matrix and fibre properties are introduced separately in RamSeries and the standard rule of 
mixtures may be used to automatically compute the elastic properties and ultimate strengths of 
the equivalent orthotropic composite material that can be further used in the definition of 
laminates using the classical lamination theory. Nevertheless, the more advanced RoM/SP-RoM 
theory has been implemented in RamSeries within the context of FIBRESHIP. The main advantage 
of this advanced model is that it can be used to evaluate the non-linear behaviour of the composite 
by considering the damage properties of the matrix and fibre components. That is why elastic and 
damage properties of matrix and fibre must be calibrated and provided as input to the software. 
In Figure 15 the input of material properties for matrix and fibre in the graphic user interface of 
RamSeries is presented. 

E-Glass elastic properties and damage model parameters 

 

 

Vynilester resin elastic properties and damage model parameters 

 
 

Composite material definition 

 

Figure 15. Input of composite material properties in RamSeries. First, elastic and damage properties of matrix and 
fibre must be provided separately. Next, the composite material is defined by providing the matrix and fibre 

constituent materials (that must be previously defined) and the corresponding fibre’s volume fraction. 
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Once the material properties of matrix and fibre have been introduced and the composite material 
has been defined, the samples to be simulated can be constructed by specifying the actual layout 
of the laminate. In Figure 16 the definition of the laminates within the graphic user interface of 
RamSeries is presented. The LEO system UD laminate consists of 4 layers of longitudinally oriented 
E-Glass/Vinylester whose total thickness amounts to 2.656 mm. 4 additional layers of the same E-
Glass/Vinylester material oriented transversally are inserted in between with a total thickness of 
about 0.56 mm. In total, the sample has a thickness of 3.216 mm., equal to the nominal average 
thickness of the specimens in Table 7. Also, the proportion of composite layers oriented in the 
longitudinal and transversal direction is 82.6% and 17.4% respectively. This slightly deviates from 
the nominal values reported in the technical data sheet provided by the manufacturer (see Figure 
10) but accounts for the areal weight data and the different density of the glass fibres in each 
direction. 
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Figure 16. Definition of the LEO system laminates used in RamSeries for modelling the longitudinal (top) and 

transversal (bottom) oriented samples. Note that the only difference in the definition of both laminates is the 
orientation of the ply within the stack of the laminate and the relative thickness of the plies adjusted to achieve the 

correct proportion of fibres oriented in each direction. 

 

In Figure 17 the force-displacement curve obtained in the simulations of the tensile test along the 
longitudinal direction is presented together with the re-scaled Force-Displacement curves of the 
experiments. The numerical results exhibit a perfect match of the elastic part of the curves (i.e. up 
to a displacement of about 0.5 mm). The gradual loss of stiffness due to the damage of the matrix 
is also well captured up to a displacement of about 2.25 mm. From this point on, in advanced 
stages of damage, the numerical curve is slightly higher than the experimental one. Nevertheless, 
the failure load is about 56.9 kN which is in perfect accordance to the 57.1 kN of average failure 
load observed in the experiments (see Table 7). The stroke at failure is also in quite good agreement 
with the experiments. Although its actual value of about 2.91 mm is significantly smaller than the 
average experimental stroke at failure, it coincides well with the 2.93 mm exhibited by the earlier 
breaking specimen. Note that this can be explained by the fact, that the numerical simulation 
completely loses convergence when a single finite element gets completely damaged. When this 
occurs, a sudden drop in the curve appears giving a complete failure of the sample itself. In the 
experiments, the phenomena are slightly different since the sample breaks also abruptly but 
exhibiting a series of discontinuous steps during the breaking process of the specimen. Hence, the 
numerical stroke at failure should be best compared to the occurrence of the first breaking step 
in the experimental samples. 
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Note also that trying to reproduce numerically the abrupt failure of the UD experimental samples 
is a challenging problem since a very small time increment should be used to be able to capture 
the rapid change in the slope of the force-displacement curve during the ultimate damage stage. 
The use of such small time increments is very expensive in terms of computing time since the 
advanced material model being used is already computationally expensive by its own. 

 
Figure 17. Re-scaled force-displacement curves for the LEO system laminate specimens tested at 0º in WP2. 

Numerical results are represented by the black-dotted line. A very good agreement is obtained in the elastic part 
of the curves as well as in the first damage stages. When damage is more advanced, the numerical results slightly 

overpredict the force, but they perfectly match the ultimate force at failure. The stroke at failure is also well 
predicted if we compared its experimental value with the occurrence of the first fracture event in the experiments 

which manifests in the form of a first sudden drop of force or breaking step in the force-displacement curve. 

 

In Figure 18 the damage of matrix and fibre are examined at different stages of the force-
displacement curve. As it can be observed, the damage in the matrix starts to develop very soon 
and increases continuously during the numerical experiment. This explains the non-linear 
behaviour and the gradual loss of stiffness in the intermediate part of the force-displacement 
curve. By contrast, the fibres remain undamaged during almost the entire simulation. Only at the 
very end of the simulation damage occurs in the fibre phase at the center of the specimen and 
close to the grips (i.e. where the displacement boundary conditions are applied). When damage 
appears in the fibre phase, the first layer of elements in the center of the specimen gets completely 
damaged since the matrix there was already fully damaged. Hence, the last snapshot in Figure 18 
represents the instant when the abrupt rupture occurs due to the fact that a bundle of fibres  goes 
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suddenly from almost no damage to a critical failure mechanism as it is clearly exemplified by the 
picture in Figure 19. 

 

 

  

  

  

  

  

  

  

  

Figure 18. Damage in matrix (left) and fibre (right) phases at different stages of the simulated UD oriented tensile 
tests. The various snapshots correspond, from top to bottom, to the tensile test displacements u = 0.0 mm, u = 

0.91 mm, u = 1.28 mm, u = 1.64 mm, u = 2.0 mm, u = 2.37 mm, 2.73 mm and 3.1 mm. It can be observed that the 
damage in the matrix develops very soon during the test and continuously increases providing the non-linear 

behaviour in the intermediate part of the force-displacement curve. Damage in the fibre phase only appears at the 
very end of the simulation and concentrates in the central part of the sample (left edge) and close to the 

displacement boundary condition (right edge) leading to the complete failure of the specimen. 
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Figure 19. Tensile test UD sample after critical fracture takes place. This kind of failure occurs when the fibres reach 

abruptly their fracture limit at the central part of the specimen. 

In Figure 20 the force-displacement curve obtained in the simulations of the tensile test along the 
transversal direction is presented together with the corresponding experimental curves. As in the 
previous case, the linear range is perfectly captured. The non-linear range is smoothly captured as 
well in the intermediate region of the curve where the behaviour of the material is governed by 
the degradation of the matrix.  

 

 
Figure 20. Force-displacement curves for the LEO system laminate specimens tested at 90º (transversal to the fibre 
direction) in WP2. Numerical results are represented by the black-dotted line. A very good agreement is obtained in 

the elastic part of the curves as well as in the first damage stages. 

 

It is to be noticed that the curve from specimen 1 differs from the rest of the specimens. 
Specimens 2 to 5 exhibit a typical viscoelastic response of the matrix as can be seen in Figure 21 
(a), where the specimen deforms basically because of the slip of the matrix (note that micro-crazes 
are practically non-existing in that specimen). This behaviour is typical from a resin when it is 
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tested at a temperature in the range 0.8 < T/Tg < 1.2, where the test temperature (T) and the glass 
transition temperature (Tg) are both given in Kelvin [12]. By contrast, specimen 1 exhibits a 
behaviour closer to a brittle fracture of the resin, as can be seen in Figure 21 (b) where micro-
crazes are clearly observed, and the matrix has failed close to the grips and along a line parallel to 
the orientation of the fibres. This observation suggests that the specimen is failing by decohesion 
and coalescence of micro-crazes whereas no slip of the matrix occurs. This mechanism is the one 
expected in resins tested at low temperatures (i.e. T < 0.8·Tg). 

The Dynamic Mechanical Thermal Analysis (DMTA) reported in the deliverable D2.1 show a glass 
transition temperature for the LEO system in the range 352 < Tg < 373 ºC, so that the room 
temperature at which the experiments were performed fulfils the relation 0.78 < T/Tg < 0.83. 
Therefore, the testing temperature is very close to the transition region given by the limit T=0.8·Tg 
and the specimens tested in these conditions may exhibit both, brittle and viscoelastic behaviours 
of the resin matrix. In the case of the viscoelastic behaviour, the tensile test curve is very sensitive 
to temperature and testing velocity. But the damage model used in RamSeries does not explicitly 
account for these effects. This can explain the good agreement of the simulation with the tensile 
curve of specimen 1 and the difficulty in matching the large non-linear portion of the force-
displacement curves exhibited by the samples 2 to 5. In summary, the model is more suitable to 
reproduce the tensile test curves at 90º when failure is governed by the brittle response of the 
matrix, as is the case of specimen 1. 

 

 

 
Figure 21. Two tensile test specimens oriented transversal to the fibre’s direction. The two specimens exhibit 

different damage mechanisms. Specimen (a) exhibits a behaviour which is closer to a viscoelastic material for which 
the matrix slips and remains almost free of micro-crazes. On the other hand, specimen (b) exhibits a behaviour 

which is more typical of a brittle resin with a lot of micro-crazes an a clear decohesion next to the grips (white band 
parallel across the specimen and consequently parallel to the fibres). 

 

In Figure 18 the damage of matrix and fibre are examined at different stages of the force-
displacement curve. It can be observed that the fibre phase remains undamaged during the entire 
duration of the simulated test. Hence, the behaviour is completely dominated by the matrix whose 
damage localizes in the center of the sample and close to the grips where the displacement 
boundary condition is applied in the numerical model. This is also in accordance to what is 
observed in the specimens in Figure 21. 
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Figure 22. Damage in matrix (left column) and fibre (right column) at different stages of the simulated transversely 
oriented tensile tests. The various snapshots correspond, from top to bottom, to the tensile test displacements u = 

0.0 mm, u = 0.124 mm, u = 0.174 mm, u = 0.22 mm, u = 0.28 mm, u = 0.32 mm and 0.38 mm. It can be observed 
that the damage in the matrix nucleates in the center of the specimen (left symmetry edge) and close to the grips 

(right edge) to further propagate through the entire sample. No damage at all is generated in the fibre phase. 
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 Simulation of flexural tests and model’s validation 
In order to completely validate the RoM/SP-RoM model for FRP materials implemented in 
RamSeries, the flexural tests performed in WP2 are being simulated using the same material 
properties calibrated in the previous section using the tensile tests. The total length of the flexural 
specimens is L = 200 mm. Nevertheless, the effective span is of 80 mm. As in the previous section, 
only one fourth of the sample is modelled because of the symmetry in the configuration of the 
experiments. To this aim, appropriate symmetry boundary conditions in the in-plane directions 
are applied along the longitudinal and transversal center lines of the sample. In the out of plane 
direction, a simply supported constraint is applied at the free edge of the simulated sample while 
a prescribed displacement resembling the deflection of the specimen is applied at the transversal 
centreline of the sample. A schema of the CAE model used for simulation of the flexural tests in 
shown in Figure 23. 

 
Figure 23. Schema of the CAE model constructed in RamSeries to simulate the flexural tests of both, transversal 
and longitudinally oriented samples of the LEO system. Top and side views of the numerical model are shown to 

illustrate the required boundary conditions. 

 

The experimental curves corresponding to the longitudinal flexural tests are presented in Figure 
24 together with the response simulated in RamSeries. As it can be observed, the longitudinal 
flexural response can be perfectly reproduced in the linear rage and up to around a 75% of the 
averaged non-linear range of the curves. Although it has a premature break point, the non-linear 
phenomenon is well captured as shown by the decreasing stiffness given by the slope of the force-
deflection curve which is reduced from an initial value of about 194 kN/mm to a final value of 144 
kN/mm just before the abrupt failure in the simulation. 
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Figure 24. Flexural force-deflection curves for the LEO system UD specimens tested in WP2. Numerical results are 
represented by the black-dotted line. A very good agreement is obtained in the elastic part of the curves as well as 

in the first 75% portion of the averaged non-linear range. 

 

Damage localization is also in accordance to the observations made in the experimental samples. 
As it can be observed in Figure 25, the damage is localized in the center of the specimen. 

 
Figure 25. LEO system three point bending longitudinal sample after failure. It can be observed that the damage 

localizes at the center of the specimen where delamination occurs. 

Similarly, the experimental curves corresponding to the transversely oriented flexural tests are 
presented in Figure 26 together with the response simulated in RamSeries. As it can be observed, 
the transversely flexural response is also perfectly captured in the linear rage and up to around an 
80% of the averaged non-linear range of the curves. In this case, no abrupt failure is predicted by 
the simulations since the fibre phase, being transversely aligned with the load does not experience 
damage at all. This provides a remnant residual stiffness even when the matrix has completely 
damaged. 

 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 50 of 147 

 
Figure 26. Flexural force-deflection curves for the LEO system 90º specimens tested in WP2. Numerical results are 

represented by the black-dotted line. A very good agreement is obtained in the elastic part of the curve. The 
decreasing stiffness in the non-linear range of the curve is also well captured up to the 80% of deflection where the 

stiffness has been reduced from its initial value of about 62.8 kN/mm to a degraded value of 32.42 kN/mm. 

 

 
Figure 27. LEO system three point bending transversal sample after failure. It can be observed that the damage 

localizes at the center of the specimen where delamination occurs. 

 

As a conclusion, the results presented in this section demonstrate that the RoM/SP-RoM 
constitutive model implemented in RamSeries can reproduce the non-linear behaviour of 
composite materials in a wide variety of stress strain solicitations. This opens the door to the use 
of this kind of advanced constitutive models in the simulation of the dynamic response of 
composite structures in ships and to take into account important dynamic non-linear phenomena, 
as for instance fatigue damage, during the structural assessment of FRP-based ships. 
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3. Full-scale validation 

One of the objectives of FIBRESHIP was to devise experimental procedures and to develop 
numerical tools to be used for the structural health monitoring of ships and FRP structures. To this 
end, three components of the RamSeries software suite, that could potentially be part of a 
monitoring system, will be tested in this section. First, information from the experimental 
campaign of measurements conducted in the ZIM Luanda containership in task 7.1 will be used to 
assess the viability of using the time-domain seakeeping solver of RamSeries to predict the 
dynamic behaviour of large length ships under real sea state conditions. Next, the iFEM numerical 
tool will be tested using both, experimental data from the vibration tests in task 7.1 and virtual 
experiments devised to assess the viability of the structural health monitoring methodology 
proposed in FIBRESHIP. And finally, the performance of the monolithic hydroelastic solver 
implemented in RamSeries will be compared against another state-of-the-art solver to determine 
the performance improvement obtained using the new coupling scheme. All these tools are 
intended to go one step further towards the implementation of a fully functional digital twin 
system for large length ships in composite materials. 

 

3.1. Seakeeping solver 
In order to be able to validate the hydro-structural solvers, the first step is to compare the 
experimental measurements conducted in the ZIM Luanda with the predictions of the software. 
To this aim, the rigid body accelerations registered in the ZIM Luanda using an inertial motion unit 
(IMU) are going to be compared with the accelerations estimated numerically using SeaFEM, the 
seakeeping module of RamSeries. SeaFEM is a time-domain seakeeping solver that can be used to 
solve the waves diffraction-radiation problem to assess the time evolution of the total pressure 
distribution over the hull of the ship. In addition, SeaFEM can also solve the rigid body dynamics 
of the ship. Alternatively, SeaFEM can be directly coupled with the RamSeries structural solver to 
perform a fully coupled hydro-structural calculation. In the latter case, the pressure distribution 
evaluated by SeaFEM is transferred to the surface of the hull in the structural FEM model. Then, 
the dynamics of the ship and the structural response are both evaluated by the structural solver. 
The coupled seakeeping-structural solver is a cornerstone for the development of a structural 
health monitoring system. Hence, both the seakeeping and the structural parts of the solver 
should be fully validated. Not less important, the experimental procedures also need to be 
validated, and the strengths and weaknesses of both, numerical and experimental methods must 
be identified. To this aim, a total of 10 series of measurements were taken through different days 
during the journey of the ZIM Luanda across the Atlantic. Eight of these tests lasted for three hours 
taking measurements at a frequency of 20Hz. The other two time series lasted for 11 hours, taking 
measurements at the same frequency of 20Hz. Sea state conditions were registered at the 
beginning of each of these 10 tests and were considered to remain valid during the entire duration 
of the test. 

Sea states and environmental conditions for each test are reported in Table 10. Draft, trim and 
center of gravity of the ship are reported as well in each case. This data is used to define the ship 
configuration and wave environment conditions of the corresponding SeaFEM simulations, which 
are summarized in Table 11. 
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Table 10. Navigation and sea state conditions registered during the experimental measurements campaign on board of the Zim Luanda 

ID 

General Info   Sea Conditions Vessel Conditions 

Location 

COG1 Sea 
State2 

Wind 
Hs 
(m) 

Wave incidence (°) 
Tp 
(s) Speed 

(kns) 

Draft 
(m) Trim 

(m) 
Weight 

(tn) 

CoG3 

GM 

Latitude Longitude Speed 
(kns) 

Incidence 
(°) 

Swell Wind Comp Swell Wind   AFT FWD Mean x y z 

TEST001 36° 06.752 N 9° 42.750 W 263° MB 19 - 3 2 3.6 360° (N) 300° (W-N-W) 11.0 15.0 11.8 12.3 12.05 -0.45 62043 -5.79 0.1 13.9 0.86 

TEST002 36° 46.122 N 17° 01.079 W 263° MB 13.8  203° 1.8 0.5 1.8 300° (W-N-W) 203° (S-W) 11.1 15.0 11.8 12.3 12.05 -0.45 62043 -5.79 0.1 13.9 0.86 

TEST003 36° 46.122 N 17° 01.079 W 263° SB 26 210° 3.2 - - 300° (W-N-W) 210° (S-W) 10.0 14.8 11.8 12.3 12.05 -0.45 62043 -5.79 0.1 13.9 0.86 

TEST004 37° 24.445 N 27° 59.175 W 263° SB 5.6 268° 3.3 0.5 3.3 270° (W) 270° (W) 10.3 14.5 11.8 12.3 12.05 -0.45 62043 -5.79 0.1 13.9 0.86 

TEST005 37° 25.018 N 32° 40.590 W 263° SB 3 320° 3.4 2 3.8 300° (W-N-W) 320° (N-W) 11.0 14.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

TEST006 37° 12.409 N 40° 04.619 W 263° NG 34 256° 4.3 3.1 5.4 330° (N-W) 256° (W-S-W) 11.0 14.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

TEST007 36° 34.933 N 48° 21.764 W 263° FB 20.9 215° 1.6 1.3 2.2 295° (W-N-W) 215° (S-W) 8.0 17.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

TEST008 36° 10.312 N 53° 69.329 W 263° G 32 200° 4.8 3.6 6.1 210° (S-W) 265° (W) 11.0 12.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

TEST009 36° 04.419 N 54° 59.182 W 263° NG 30 300° 4.4 3.8 7.5 290° (W-N-W) 300° (W-N-W) 12.0 12.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

TEST010 40° 06.176 N 59° 34.488 W 337° SB 23 355° 2.4 2.6 3.5 392° (W-N-W) 350° (N) 8.0 14.0 11.9 11.7 11.75 0.19 60443 -6.76 0 14 0.82 

1 Course over ground: 0º = north course (N), 90º = east course (E), 180º = south course (S), 270º = west course (W) 
2 MB: moderate breeze, FB: Fresh breeze, SB: Strong breeze, NG: Near gale, G: Gale 
3 The origin of coordinates is as follows: X = 0 in section 0 of the ship, Y = 0 in the centreline of the ship, Z = 0 in the bottom of the ship. 
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The wind direction, wave incidence and course of the ship in the table above are referred to the 
north direction and following a clockwise sense. Most of the time the ship had a constant heading 
of 263º, so that the course was majorly to the west. The direction of the waves was 300º, so that 
the waves generally hit the bow of the ship and at the starboard side. Wind direction (measured 
by the ship’s anemometer) and the incidence of the wave generated by the wind (taken from 
satellite data) are more or less the same except in the case of TEST008 were they differ by a 
significant amount. This may be caused by the encounter of the ship with a storm so that the 
surface wave was mainly influenced by the presence of the storm while the direction of the wind 
was taken at the beginning of the test. 

 

Table 11. Wave spectra definition as it is specified in SeaFEM for each of the tests in Table 10 

 
Wave 

incidence 
SeaFEM 

Velocity 
(knots) 

Velocity 
(m/s) 

Hs 

Tp 
(or zero 
crossing 
period) 

Shortest 
period 

Longest 
period 

Num. 
Wave 

periods 

TEST001 83 15.0 7.717 3.6 11.0 5.000 24.200 20 
TEST002 143 15.0 7.717 1.8 11.1 5.045 24.420 20 
TEST003 143 14.8 7.614 3.2 10.0 4.545 22.000 20 
TEST004 173 14.5 7.459 3.3 10.3 4.682 22.660 20 
TEST005 143 14.0 7.202 3.8 11.0 5.000 24.200 20 
TEST006 113 14.0 7.202 5.4 11.0 5.000 24.200 20 
TEST007 148 17.0 8.746 2.2 8.0 3.636 17.600 20 
TEST008 233 12.0 6.173 6.1 11.0 5.000 24.200 20 
TEST009 153 12.0 6.173 7.5 12.0 5.455 26.400 20 
TEST010 125 14.0 7.202 3.5 8.0 3.636 17.600 20 

 

In Figure 28 snapshots of the seakeeping simulations showing the course over ground of the ship 
and the wave incidence are presented for each one of the ten seakeeping simulations 
corresponding to the ten experimental records performed during the ZIM Luanda experimental 
campaign. On the left side, the total wave elevation is presented, while on the right column the 
wave elevation due to the scattered waves is shown. 
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Figure 28: Snapshots of the total free surface elevation (left) and scattered waves elevation (right) as computed with 

SeaFEM for each one of the ten experimental time series recorded during the experimental campaign on board of 
the ZIM Luanda. Note the change in the course over ground of the ship during the last test. 

 

As a result of the SeaFEM simulations, the rigid body’s dynamic response of the ship is obtained 
in the form of displacements, velocities and accelerations at the center of gravity. For the sake of 
validation, it should be possible to compare the accelerations obtained from the simulations with 
those measured using an inertial measurement unit (IMU) during the experimental campaign on 
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board of the ZIM Luanda. However, due to operational constraints of the ship, it was not possible 
to install the IMU close to the center of gravity of the ship, but it was located in the starboard side 
of the ship. The exact location of the IMU is given by the following coordinates in meters 
IMU_coords = (108.043, -14.045,16.088) where the origin is taken at the bottom of the ship and 
at its forward perpendicular. Since SeaFEM allows to obtain the accelerations at any arbitrary 
point, the coordinates of the IMU were used in all SeaFEM simulations to report the accelerations 
for final comparison. 

Note that the body dynamics in the form of displacements or accelerations are not directly 
comparable with the experiments since the actual realization of the wave spectrum is only 
statistically equivalent to the actual sea state as provided by the wave environment properties in 
Table 10. Hence, a better comparison may be achieved by analysing the results in the frequency 
domain. To this aim, both experimental and numerically calculated accelerations are processed 
using the fast Fourier transform (FFT) algorithm in order to obtain the characteristic response of 
the ship in the frequency domain. Time domain and frequency domain responses in heave and 
pitch for the ten experimental series are shown from Figure 29 to Figure 38. Similar results 
corresponding to the SeaFEM simulations are presented from Figure 39 to Figure 48. 

By comparing the experimental results with the SeaFEM numerical predictions, we can see that 
the main frequency in both heave and pitch is predicted fairly well. Nevertheless, neither the 
amplitude not the spreading of the signal around the main frequency are captured with desired 
accuracy. In fact, the amplitude of the heave acceleration and the intensity of the FFT signal are 
systematically overestimated. Many reasons can be anticipated to explain the observed 
discrepancy. First, the uncertainty in both the position of the center of gravity and the values of 
the radius of gyration of the ship can be important sources of error. In the case of the center of 
gravity, a fairly good estimation of its coordinates was in principle provided by the crew. However, 
a change in the configuration of the load and ballast of the ship was reported in between tests 4 
and 5. Although a new estimation of the position of the center of gravity was provided, no 
evidence exists on the accuracy of such a new position. In the case of the radius of gyration, the 
uncertainty is even larger since no experimental value is provided at all. The values used in SeaFEM 
are estimated from static finite element simulations performed in RamSeries and corresponding 
to the departure full loading condition. Again, there is no knowledge about the validity of this 
numerical estimate when being used to account for the real configuration of the ship. Another 
source of experimental uncertainty concerns the description of the sea state. Note, that no 
information on the spreading angle of the waves is provided since the only information on the 
wave environment was obtained from an environmental tracker device connected to 
environmental databases. The lack of information on the spreading of the waves may be of special 
importance since it has a strong influence on the energy concentration and consequently a direct 
impact on the prediction of the external exiting load. In fact, all simulations in Figure 28 where run 
assuming purely unidirectional waves. This will overpredict the wave energy concentration and 
can explain why the numerical simulations systematically overpredict the amplitude of the ship 
movements and accelerations. Few additional simulations concerning test 003 conditions were 
run varying the spreading angle from 0 to 60 degrees in order to assess the influence of the wave’s 
spreading into the amplitude of the ship accelerations. These simulations corroborate that the 
amplitude of the heave acceleration can be overpredicted by a 15% approximately when the 
spreading is not considered. 
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From the numerical point of view, some limitations have been identified as well. First, the lack of 
numerical damping can also contribute to overpredict the movements of the ship. In this sense, 
some artificial damping should be introduced to account for the viscosity effects that are not 
directly taken into account when using the potential flow solver of SeaFEM. However, a costly trial 
and error process would be required to properly adjust the damping effect for each degree of 
freedom. And finally, another limitation of the numerical analysis undertaken within this task is 
the extent of the physical time being simulated for each case under analysis. In all the simulations, 
the physical time being simulated is about four minutes which represents approximately from 25 
to 30 wave periods. Although this seems a reasonable number of wave periods, it may be still not 
enough to obtain a statistically representative dynamic response. This may explain also the noise 
in the FFT results and the spreading in the frequency response. 
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Figure 29: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 
measurement unit (IMU) during a selected period of 240 seconds in TEST 001. (b) Fast Fourier Transform of the 

corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 
acceleration. (d) Frequency domain response of the pitch acceleration. 

  



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 60 of 147 

 

 

 
Figure 30: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 002. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 31: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 003. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 32: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 
measurement unit (IMU) during a selected period of 240 seconds in TEST 004. (b) Fast Fourier Transform of the 

corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 
acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 33: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 005. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 34: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 
measurement unit (IMU) during a selected period of 240 seconds in TEST 006. (b) Fast Fourier Transform of the 

corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 
acceleration. (d) Frequency domain response of the pitch acceleration. 

 

 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 65 of 147 

 

Figure 35: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 
measurement unit (IMU) during a selected period of 240 seconds in TEST 007. (b) Fast Fourier Transform of the 

corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 
acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 36: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 008. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 37: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 009. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 38: (a) Time evolution of the heave acceleration measured experimentally at the location of the inertial 

measurement unit (IMU) during a selected period of 240 seconds in TEST 010. (b) Fast Fourier Transform of the 
corresponding acceleration signal showing the response in the frequency domain. (c) Time evolution of the pitch 

acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 39: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 001. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 40: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 002. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 41: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 003. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 42: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 
RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 

seconds and corresponding to the sea state conditions and ship configuration of TEST 004. (b) Fast Fourier 
Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 

evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 43: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 005. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 44: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 006. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 45: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 007. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 46: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 
RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 

seconds and corresponding to the sea state conditions and ship configuration of TEST 008. (b) Fast Fourier 
Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 

evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 47: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 009. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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Figure 48: (a) Time evolution of the heave acceleration as computed by SeaFEM (the seakeeping solver integrated in 

RamSeries) at the location of the inertial measurement unit (IMU) during a time series simulation of about 240 
seconds and corresponding to the sea state conditions and ship configuration of TEST 010. (b) Fast Fourier 

Transform of the corresponding acceleration signal showing the response in the frequency domain. (c) Time 
evolution of the pitch acceleration. (d) Frequency domain response of the pitch acceleration. 
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3.2. Hydroelastic solver 
The approach proposed in FIBRESHIP for the structural assessment of large length ships in 
composite materials advocates for the use of direct dynamic calculations of detailed full-scale ship 
models subjected to the action of real sea wave loads. This approach differs significantly on the 
current practice where simplified models are used in a top-down approach, so that information 
obtained from simplified models at larger scales is transferred to small-scale models in the form 
of boundary conditions or external loads to perform more detailed analysis at a local level. This 
approach usually implies the use of quasi-static numerical analysis which is computationally less 
expensive but lack the ability of capturing non-linear effects or inherent dynamic phenomena like 
fatigue damage. By contrast, the alternative approach tried out in WP4 for the structural 
assessment of large length ships implies the direct dynamic analysis of full size ship models with a 
high level of detail in the description of the geometry. This approach is in principle more versatile 
and realistic and has the advantage of using a single CAE model across the entire process of 
analysis. Of course, the drawback is that it may be very expensive from the computational point 
of view. In addition, if we want to consider accurately the pressure load acting on the structure 
due to the action of the real waves, a tight coupling between the structural and the free surface 
waves radiation-diffraction problems must be used. The solution of the corresponding 
hydroelastic problem was addressed in [13] using a partitioned iterative scheme. The objective of 
this section is to present the new algorithm implemented in RamSeries to speed-up the 
hydroelastic calculations and to compare its performance against the above-mentioned 
partitioned scheme already existing in RamSeries. 

 

 Coupling algorithms in RamSeries 
The coupling problem to be solved to undertake the hydroelastic analyses required for the 
structural assessment approach adopted in FIBRESHIP is sketched in Figure 49. 

 
Figure 49: Fluid-Structure interaction concept. 
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The fluid problem consists in solving the wave’s diffraction-radiation problem in the time-domain 
using the finite element method (FEM) in a non-structured mesh of tetrahedra and solving the 
potential flow equations that govern the generation of free surface waves. On the other hand, the 
structural problem consists in solving a dynamic non-linear FEM model using a combination of 
shell and beam elements. The coupling between the two problems is achieved by the exchange of 
information across the common boundary; specifically, the fluid pressure is transferred from the 
fluid domain and applied as a pressure load to the structural domain, while the structural 
displacements are transferred to the fluid domain thus affecting the velocity of the fluid close to 
the floating body. 

In order to solver the coupled problem, different approaches are possible. In previous versions of 
RamSeries, a partitioned (iterative) approach was adopted [13], [14]. In this approach, the 
potential flow problem within the fluid domain, and the structural problem in the solid domain 
are solved independently using a specific solver for each problem. The main advantage is that each 
solver can be implemented following the strategy best suited for the problem at hand. On the 
contrary, the main drawbacks are the possible overheads due to the necessary communication 
between the two solvers and the fact that the convergence of the iterative process must be 
ensured which may be a non-trivial and time consuming task. The experience gained by using the 
partitioned scheme has demonstrated that it is a well-stablished coupling solver but has also 
revealed a poor performance in terms of computational time. Because of this, a new approach 
was devised to be implemented within the context of FIBRESHIP to improve the robustness of the 
coupling solver and to enhance the computational performance. The new solver is based on the 
use of a monolithic scheme whose main characteristic is that fluid flow and structural equations 
are assembled together into a unique system of equations. Of course, the final system of equations 
would be significantly larger thus increasing a lot the total number of degrees of freedom. 
Additionally, due to the different nature of the variables involved in the coupled problem (i.e. fluid 
pressure and velocities together with structural displacements) the resulting system of equations 
may be ill-conditioned from the numerical point of view. Nevertheless, if a robust direct solver can 
be used in the solution of the system of equations, the ill-conditioning can be overcome. And since 
no iterative process neither communication between different processes is required, it can be 
expected the new scheme to be more robust and significantly faster than the partitioned iterative 
solver. 

 

 Validation and performance of the hydroelastic solvers 
Both coupling strategies described in the previous sections have been implemented in RamSeries. 
The partitioned solver is a well-stablished solver already existing in previous versions of RamSeries. 
While the monolithic solver has been implemented in the context of FIBRESHIP. The objective here 
is to compare the performance of both schemas in terms of computational time and numerical 
robustness. For the sake of validation, two application examples were prepared: the first one is 
the fully detailed structure of a tanker hold in beam waves; and the second one concerns the 
analysis of a simplified global structural model of a S175 hull in following waves. 
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3.2.2.1. Example 1: tanker ship in beam waves 
The first example addressed to assess the performance of the two hydroelastic solvers under 
analysis consists in the amidships section of a tanker subjected to the action of beam waves. A 
detailed description of the amidships section of the tanker is provided in Figure 50, while Figure 
51 shows the finite element meshes of both, the fluid and the structural domains, as well as the 
complete model resulting from the assembling of the two domains.  

 

 

Figure 50: Structural description of the amidships section of the tanker. 
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Figure 51: Mesh details of the fluid (top) and structural (middle) domains. The fluid domain is discretized using 4-
noded tetrahedra, while the structural domain is modelled using 3-noded triangular shell elements. The image at 

the bottom corresponds to a perspective view of the model showing the assembling of the structural and fluid 
domains. Fluid pressure and structural displacements are transmitted from one domain to the other through the 

common boundary conformed by the wet part of the hull. In this particular case the fluid and the structural meshes 
at the coupling boundary are coincident, which is not always the case. 

For the present analysis the seakeeping solver used to calculate the diffraction-radiation problem 
around the floating amidship section of the tanker is linear. On the other hand, the structural 
solver considers the non-linearity arising from the deformation of the structure. The fluid domain 
consists in a mesh of about 430.000 tetrahedra and 68.000 nodes, while the structural domain 
consists in a mesh of about 189.000 triangles and 82.000 nodes. The total amount of degrees of 
freedom is about 500.000. The simulation of the coupled problem is run for 250 time steps using 
a time step dt = 0.1s. Since the monochromatic wave used in the analysis has a period T = 4s., the 
total physical time simulated (i.e. 25 seconds) represents 5 complete wave periods passing 
through the structure of the tanker. In both, the partitioned and the monolithic schemes, the 
system of equations is finally solved using the well-stablished direct solver PARDISO [15]. 
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The performance of the two approaches is compared in Table 12. As it can be seen, in the case of 
the partitioned scheme an average of 24 calls to the direct solver are necessary because of the 
iterative nature of the coupling scheme. By contrast, in the monolithic scheme only three calls to 
the solver are required to achieve converge of the non-linear structural problem. Because of this, 
despite the larger size of the system of equations involved in the monolithic solver, it results to be 
significantly faster. 

 

Table 12: Performance of the two hydroelastic solvers being compared. Note that the new monolithic solver 
implemented in RamSeries is about 8 times faster than the partitioned solver already existing in RamSeries. 

Coupling 
scheme 

Computational time 
(seconds) 

Iterations/step 

Coupling Structural 

Partitioned  347.220 8x3 

Monolithic  54.060 3 

 

In Figure 52 the contour fill results of the von Mises equivalent stress are plotted over the 
deformed configuration of the structure as obtained using the two solvers under analysis. As it can 
be appreciated, the results are virtually identical. This is confirmed in Figure 53 where the vertical 
displacement of a point located at the center of the keel of the tanker is plotted as a function of 
time. As can be seen in the graph, the displacement evolution obtained with the two solvers is in 
very good agreement. Since the accuracy of the partitioned solver has been proved in the 
simulation of an extensive set of benchmarks [16], [17], the coincidence of results with the 
monolithic solver is indicative of the accuracy of the newly implemented solver.  

 

  

Figure 52: Structural deformation of the amidship section of the tanker (amplified by a factor x200). The contour fills 
drawn over the deformed structure correspond to the von Mises stresses. Left image corresponds to the results 

obtained with the partitioned solver, while the image on the right corresponds to the new monolithic solver. It can 
be observed that a perfect correspondence between the two numerical solutions exists. 
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Figure 53: Time evolution of the vertical displacement at the base of the keel of the tanker. The two time series 
correspond to the results obtained using the monolithic and the partitioned solvers respectively. It can be observed 

that the results obtained with both coupling schemes are in very good agreement. 

 

3.2.2.2. Example 2: S175 hull in following waves 
In the second example considered here, the two solvers under analysis have been applied to the 
simulation of a S175 hull under following waves and with forward speed. As can be seen in Figure 
54, one half of the hull has been modelled by applying appropriate symmetry boundary conditions. 
In addition, the structure of the ship was simplified so that only primary reinforcing elements and 
bulkheads were modelled using effective plate thicknesses to provide the appropriate global 
stiffness to the structure. Distributed weights were also applied along the length of the ship to 
attain the desired equilibrium of the floating ship. In this case, the forward speed of the ship was 
adjusted to obtain a Froude number of about Fr = 0.24. The total number of degrees of freedom 
is about 275.000 and the simulation was run for a total of 5000 steps with a time increment dt = 
0.02 s. The sea state under consideration consists in a white noise spectrum (i.e. same amplitude 
for all wave components) composed of 20 waves with a minimum period Tmin = 3 seconds and a 
maximum period Tmax = 13.5 seconds.  
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Figure 54: Global view of the computational domain (top) and detail of the finite element mesh of the S175 
structure and of the fluid domain surrounding it. Note that one half of the model has been simulated using 

appropriate symmetry boundary conditions in the OXZ plane of both, fluid and structural domains. 

 

Figure 55 shows a snapshot of the displacements, stresses, and free surface elevation results. 
Finally, in Table 13 a report of the computational times required by both, the partitioned and 
monolithic coupling schemes is provided. Again, it can be observed that the monolithic scheme is 
eight times faster than the partitioned scheme due to the smaller number of iterations required 
to achieve convergence. 
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Figure 55: Snapshots of the results of the S175 model at time t = 56.5 s. (a) Z-displacements evidencing the pitch 
movement of the ship in following waves. (b) von Mises stresses across the structure of the S175. (c) Global view of 
the free surface elevation evidencing the incident waves. (d) Detail of the free surface elevation close to the ship’s 

hull. 

 

Table 13: Performance of the two hydroelastic solvers during the computation of the S175 hull in following waves. It 
can be observed that the new monolithic solver implemented in RamSeries is about 8 times faster than the 

partitioned (iterative) solver already existing in RamSeries. 

Coupling 
scheme 

Computational time 
(seconds) 

Iterations/step 

Coupling Structural 

Partitioned  291.840 11x3 

Monolithic  36.180 3 

 

In conclusion, the results of the benchmarks presented in this section suggest that the monolithic 
solver implemented in RamSeries in the course of the FIBRESHIP project provides an increase in 
the computational performance of almost one order of magnitude. This is a very significant 
improvement since it makes the hydro-elastic coupled analysis to become a reliable design tool 
that can be used in a daily basis instead of being a research or academic computational resource. 
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3.3. iFEM tool 
The aim of the iFEM updating method implemented in RamSeries within the context of FIBRESHIP 
was to provide a numerical tool to assist in the assessment of the distribution and extent of 
damage in FRP materials. The experimentally measured modal response of the structure is used 
as an input for the numerical tool so that damage related parameters are updated in an iterative 
process until the computed structural response matches the experimental data. The set of 
parameters matching the experimental results provides the desired information about the 
damage inflicted on the structure. This technique was devised to assist in the detection and 
prevention of damage at different levels, from local damage in FRP structural components (e.g. 
panels and stiffeners) to larger scales  where the structural health of the entire ship structure is 
considered as a whole. This is in line with the approach followed in tasks 6.2 and 7.1. In task 6.2 
the  influence of large structural disturbances on the natural frequencies of the entire ship was 
analysed. On the other hand, in task 7.1. vibration experiments on FRP panels were conducted to 
assess the effect of damage over the natural frequencies of the FRP structural components at the 
local level. 

A description of the numerical model was already provided in deliverable D3.2. [18]. The objective 
of the present section is to demonstrate the use of the iFEM numerical tool in real situations, 
compare the numerical predictions with the experimental data gathered in Task 7.1 concerning 
the vibration experiments conducted in various FRP panels and to finally identify the strengths and 
weaknesses of the proposed method. 

 

 Application to the detection of damage in FRP panels: sensitivity 
analysis 

In this section a sensitivity analysis of the numerical tool is undertaken using a CAE model of the 
panels that TSI experimentally tested in WP7. The geometrical configurations of the reinforced 
monolithic plate and the sandwich panel used in the tests is shown in Figure 56. 
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Figure 56. Schematic representation of the sandwich and monolithic panels being tested in WP7 to demonstrate the 

use of the iFEM tool for the assessment of damage in composite structures. 

In both cases, sandwich and monolithic panels, the dimensions of the panels are 1800 x 750 mm. 
In each case, three different panels with different damage extensions are being tested (i.e. no 
damage, damage 1 and damage 2). The different damage extension is obtained by inserting a peel 
ply of different size or at a different location within the panel (dark blue patches in the figure 
above) to mimic different amounts of delamination. In the case of the sandwich panel, the peel 
ply is introduced between the laminate and the core material, while in the case of the monolithic 
panel the peel ply is introduced between the laminate and the stiffeners. 

A CAE model of the panels described above was built in RamSeries and different damages where 
modelled by introducing materials with reduced mechanical properties at the desired locations. 
Then, a modal analysis was carried out on each damaged numerical model of the panels to 
numerically obtain the natural frequencies of the damaged structures. These frequencies can be 
further used as an input of the iFEM tool and the optimization process can be run to assess the 
damage introduced in the model. 

In Figure 57, the iFEM model used in RamSeries to assess the sensitivity of the iFEM method is 
presented. It can be observed that asymmetric constraints (dark blue symbols in sub-figure A) are 
used as boundary conditions to overcome problems associated to the non-uniqueness of the 
solution that may occur when working with symmetric configurations. It can be also observed that 
three different damage extensions and two different damage zones are considered on each panel. 

 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 89 of 147 

 

 
Figure 57. CAE model of a the FRP panels being tested with the iFEM tool. A) Finite element mesh and boundary 

conditions used in the iFEM calculations. B) Schematic representation of reinforced monolithic panel with different 
damage locations and extensions. C) Detail of the damage location and extension in the sandwich panel. 

For each damage zone and damage extension, modal analyses were run continuously varying the 
unitary ratio of damage (which is accounted for by reducing the elastic properties of the material 
to different extents at the damage region). The unitary ratio of damage at which each natural 
frequency of the panel exhibits a given variation is recorded to assess the sensitivity of the iFEM 
tool. Two variation tolerance for the natural frequencies are used, the first one corresponds to the 
experimental measurements’ precision (i.e. 0.1 Hz) while the second one corresponds to an apriori 
damage sensitivity criteria fixed at 0.5 Hz. 

The following tables show at which unitary ratio of damage each of the 10 modes presents a 
perturbation greater than the measurements precision (0.1 Hz) and at which unitary ratio each 
mode presents a perturbation greater than the damage sensitivity criteria (0.5 Hz). 
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Figure 58. Sandwich panel (Zone 1) 

 
Figure 59. Sandwich panel (Zone 2) 

 
Figure 60. Monolithic reinforced panel (Zone 1) 
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Figure 61. Monolithic reinforced panel (Zone 2) 

As can be observed, most of the natural frequencies of the panels are almost insensitive to the 
damage introduced. And in all cases the unitary ratio of damage necessary to attain a change in 
the natural frequencies of the order of the measurement precision fixed a priori is larger than 
what would be expected in any real practical situation. This corroborates the observations in the 
experimental tests in WP7 where it was observed that the change in the natural frequencies of 
the panels due to the inflicted damage is smaller than the actual precision in the measurement of 
the frequencies attainable through the experimental procedure used in those experiments. 

 

 Damage detection in a bulkhead of a containership 
In spite of the sensitivity analyses performed in the previous section, which suggest the necessity 
of very precise vibration measurements to render the iFEM tool feasible for the detection of 
damage in FRP structures, an additional analysis was addressed to assess the possibility of using 
the iFEM tool in the structural health monitoring of FRP-based ships. To this aim, a virtual 
experiment was conducted resembling the use of the iFEM numerical tool for the detection of 
damage in a bulkhead of a containership. The portion of the bulkhead structure under analysis is 
shown in Figure 62 (a). In order to perform the virtual experiment, damage is introduced in the 
structure by reducing the mechanical properties of an small region of the bulkhead as shown in 
Figure 62 (b). 
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Figure 62. (a) CAE model of a portion of the bulkhead of a containership used to assay the viability of using the iFEM 
numerical tool for the detection of damage within the context of a structural health monitoring system. (b) Exact 

location of the virtual damage introduced in the form of ‘degraded’ mechanical properties in two shells within the 
structure of the bulkhead. 

A standard modal analysis is performed in both, undamaged and damaged CAE models of the 
bulkhead in order to obtain the natural frequencies of the corresponding states of the structure 
under analysis. It is worth mentioning that in both cases, the natural frequencies are calculated 
using the boundary conditions detailed in Figure 63. 

The set of natural frequencies obtained for the damaged model is further used as input of the 
iFEM numerical tool in order to start the optimization process for the detection of damage (see 
[18] for details). The natural frequencies obtained from the modal analysis of the two bulkhead 
models are reported in Table 14. The iFEM analysis is carried out using a two-steps approach. First, 
the “Downhill Simplex Method” is used to perform a global search on the space of solutions. The 
search is finished when the convergence of the method is too slow. Then, the “Broydn Method” 
is used to perform a local search for the minimum error around the previously obtained solution. 
The solution of the optimization method obtained after 20 iterations is shown in Figure 64. It can 
be seen that the resulting damage pattern identifies quite well the actual damage. 

 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 93 of 147 

 
Figure 63. Boundary conditions applied to the CAE model of the bulkhead to perform the modal analyses for the 

evaluation of the natural frequencies of both, undamaged and damaged structures. (a) Symmetry boundary 
conditions are applied on the boundaries of the plates. (b) Elastic constraints are applied to the edges located at the 

outer transversal plane of the bulkhead. 

 

Table 14: Variation in the values of the natural frequencies of the bulkhead structure under analysis due to the 
damage introduced in specific plates of the model in the form of reduced stiffness of the material. Note that the 

maximum change occurs for mode 5, but the change in the natural frequency is as small as 0.25 Hz. 

Mode Intact freq. (Hz) Damaged freq. (Hz) Difference (Hz) 

1 7.3089 7.3292 0.0203 

2 7.5624 7.5651 0.0027 

3 13.1491 13.1666 0.0175 

4 13.5527 13.5545 0.0017 

5 15.1429 15.3935 0.2506 

6 15.3924 15.5263 0.1339 

7 15.9706 15.9911 0.0205 

8 18.5255 18.6351 0.1096 

9 20.5971 20.6486 0.0515 

10 20.8810 21.0535 0.1725 
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Figure 64. (a) Location of the actual damage introduced in the CAE model of the bulkhead. (b) Damage pattern 

predicted by the iFEM optimization model. 

 

In order to verify the sensitivity of the model, an additional analysis was undertaken. In this case, 
the area affected by the damage is the one shown in Figure 65, and two different levels of damage 
are introduced by reducing the effective thickness of the plates by a 10% and a 20% respectively. 

 
Figure 65. Location of the damage introduced in the CAE model of the bulkhead to assess the sensitivity of the 
methodology. Two different levels of damage are introduced by reducing in a 10% and a 20% respectively the 

effective thickness of the plates indicated in the figure. 

Again, the natural frequencies of the intact model are compared with the natural frequencies 
obtained from a modal analysis of the two damaged configurations. The values of the natural 
frequencies of each configuration are summarized in Table 15. 
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Table 15: Variation in the values of the natural frequencies of the bulkhead structure under analysis due to the 
damage introduced by reducing the effective thickness of selected plates by an amount of 10% and 20% 

respectively. Note that the maximum change attained in the natural frequencies is of about 1.0 Hz at most. 

Mode Intact freq. (Hz) Damaged 10% 
thick. freq. (Hz) 

Difference 
(Hz) 

Difference 20% 
thick. freq. (Hz) 

Difference 
(Hz) 

1 7.3089 7.3002 0.0087 7.2638 0.0451 

2 7.5624 7.5336 0.0288 7.4940 0.0684 

3 13.1491 13.1554 -0.0063 13.1414 0.0077 

4 13.5527 13.5391 0.0136 13.5190 0.0337 

5 15.1429 15.2394 -0.0965 15.0022 0.1407 

6 15.3924 15.4591 -0.0667 15.3947 -0.0023 

7 15.9706 15.8536 0.117 15.6594 0.3112 

8 18.5255 18.1435 0.382 17.4956 1.0299 

9 20.5971 20.3966 0.2005 19.9375 0.6596 

10 20.8810 20.7927 0.0883 20.6951 0.1859 

 

The damage patterns obtained as a prediction of the iFEM algorithm are presented in Figure 66. 
These results show how the algorithm is not only sensitive to very small changes in the natural 
frequencies of the structure, but the obtained maps are also representative of the actual damage 
inflicted to the structure. 

 
Figure 66. Damage patterns predicted by the iFEM algorithm when using as input the natural frequencies of the 

structure when the effective thickness of the damaged zone is reduced by 10% (a) and 20% (b) respectively. 

From the results presented in this section, we can conclude that the iFEM model can identify 
damage patterns affecting slightly the modal frequencies. However, in order to use it in practice 
for identifying these kind of damage patterns, a high precision in the measurement of modal 
frequencies would be required. Using standard frequency measurements, with precision about 
1Hz, will only be useful for identifying damage patterns largely affecting the structure. 
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3.4.  Collapse assessment tools 
Poor mechanical performance of composite materials at high temperatures is one of the main 
limiting factors precluding the use of these materials in building large length ships. Having 
numerical tools capable of predicting the behaviour of composite materials when subjected to the 
action of fire would be valuable during the design phase to assist in the collapse assessment of 
composite structures and to devise proper protection measures. These tools must rely on accurate 
constitutive models capable to predict the pyrolysis of FRP materials. The aim of the present 
section is to validate the implementation in RamSeries of a thermomechanical model accounting 
for this kind of phenomena. 

 

 Henderson model 
In order to validate the thermal part of the thermomechanical model implemented in RamSeries 
in the course of FIBRESHIP [19], the experimental tests presented in [20] have been used. The 
experimental tests consisted in exposing one side of a set of samples to a radiant heat flux of 279.7 
kW/m2. The test samples were of cylindrical shape of 1cm by 3cm height. The evolution of the 
temperature through the thickness of the sample was monitored using four thermocouples 
located at different depths within the sample (i.e. at 0.1, 0.5, 1.0 and 2.9 cm from the heat exposed 
surface respectively). The problem as described here can be essentially modelled as a 1D heat 
transfer problem with pyrolysis. Because of the geometrical configuration of the experiment, it 
constitutes a perfect basic benchmark for the theoretical thermomechanical model implemented 
in RamSeries. Thus, for the sake of validation the experimental test has been simulated discretizing 
the thickness of the sample into 30 one-dimensional finite elements. And the material properties 
and boundary conditions are the same as those reported in [20]. In the following sections, material 
properties and boundary conditions are summarized for the sake of completeness. 

 

3.4.1.1. Material properties 
The material analysed in [20] was a composite material consisting of 39.5% of a phenolic resin and 
a 60.5% of glass and talc filler. The complete set of material parameters is summarized in Table 
16. 

Note that, because of the decomposition of the material due to the pyrolysis phenomena, both 
virgin material and residual char properties must be considered in the model. Additionally, thermal 
conductivity and specific heat may be provided as a function of temperature. The actual 
temperature dependence of the thermal conductivity and specific heat of both, virgin and residual 
char are plotted in Figure 67 and Figure 68 respectively. 

In order to facilitate the definition of material properties in the numerical model, the 
implementation of graphic user interface facilities was required. This was done by extending the 
already existing data structure for the definition of material properties in RamSeries to the specific 
requirements of the new thermomechanical model. In Figure 69 the definition of the material 
properties in Table 16 through the GUI of RamSeries is illustrated. 
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Table 16: Material properties required to characterize the thermomechanical and pyrolysis behaviour simulated 
using the numerical model implemented in RamSeries. 

Material property Units Value 

Virgin density kg/m3 1810 

Char density kg/m3 1440 

Virgin thermal conductivity W/m·K 0.804 + 2.76e-4 · T 

Char thermal conductivity W/m·K 0.955 + 8.42e-4 · T 

Virgin specific heat kJ/kg·K 1.089 + 1.09e-3 · T 

Char specific heat kJ/kg·K 0.870 + 1.02e-3 · T 

Specific heat of gases kJ/kg·K 9.63 

Activation energy kJ/kmol 2.6e5 

Pre-exponential factor s-1 8.16e18 

Order of reaction - 6.3 

 

 
Figure 67: Temperature dependence of the thermal conductivity of the virgin material (blue solid line) and its 

corresponding char residue (red solid line) as provided by the linear relation in Table 16 and extracted from [20]. 
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Figure 68: Temperature dependence of the specific heat of the virgin material (blue solid line) and its corresponding 

char residue (red solid line) as provided by the linear relation in Table 16 and extracted from [20]. 
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Figure 69: Definition of thermal material properties and kinetics of decomposition through the graphic user interface of RamSeries. Material properties for both, virgin 

and residual char material can be defined. Specific tools to facilitate the definition of properties as functions of temperature are shown. 



D3.4. (WP3): Report including the 
validations and benchmarking of 

the various developments   

Page 100 of 147 
 

3.4.1.2. Boundary conditions 
The boundary conditions required for the closure of the 1D thermal degradation problem consist 
in the specification of the heat flux at both, hot and cold faces of the 1D sample [19]. In the case 
of the hot side (i.e. x = 0) the concept of adiabatic temperature can be used [21]. This is defined 
as the temperature an ideal perfectly insulated surface would exhibit when exposed to radiation 
and convective heat flux. Using this adiabatic temperature concept, the hot face boundary 
condition can be expressed as: 

𝑞(𝑡, 0) = −𝑘
𝜕𝑇

𝜕𝑥
= 𝜎𝜖 (𝑇 − 𝑇 ) + ℎ (𝑇 − 𝑇) 

where 𝜎 = 5.73 · 10  𝑊/𝑚 𝐾 is the Stefan-Boltzmann constant, 𝜖  is the emissivity of the 
material, ℎ (𝑊/𝑚 · 𝐶 ) is the convective coefficient, 𝑇 (º𝐶) and 𝑇 (𝐾) are the adiabatic 
surface temperature in Celsius and Kelvin degrees respectively and 𝑇 (𝐾) is the surface 
temperature in Kelvin degrees as well. 

For the cold face (i.e. x= L) the far field ambient temperature can be used in the definition of the 
heat flux boundary condition as follows: 

𝑞(𝑡, 𝑙) = −𝑘
𝜕𝑇

𝜕𝑥
= 𝜎𝜖 (𝑇 − 𝑇 ) + ℎ (𝑇 − 𝑇 ) 

where 𝑇 (º𝐶) and 𝑇 (𝐾) are the environmental temperature in Celsius and Kelvin degrees, 
respectively. 

In order to define this type of boundary condition in RamSeries, a specific widget component was 
integrated into the GUI to allow the user to introduce the parameters that specify the heat flux 
boundary condition in the exposed (internal) and non-exposed (external) sides of the structural 
element. This specific widget is shown in Figure 70. 

 

 
Figure 70: Specific widget integrated in the GUI of RamSeries and devised to allow the definition of heat flux 

boundary conditions for thermomechanical models. 
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3.4.1.3. Results 
In the following figure, the time evolution of the temperatures obtained from the experimental 
test and the numerical model are compared. As it can be observed, the numerical results are in 
very good agreement when compared to the experimental data reported in [20]. 

 
Figure 71: Time evolution of the temperature at various locations through the thickness of the composite material 

sample. Note that the numerical results obtained with the thermomechanical model implemented in RamSeries 
have a remarkable precision in predicting the evolution of the temperature profile through the entire thickness of 

the sample. 

In the following figure the snapshots of the simulation show the evolution of the temperature and 
of the material mass fraction along the duration of the test. The left boundary of the 1D model in 
the figure corresponds to the sample’s face exposed to the heat flux. In the snapshots of the right 
column it can be observed how the pyrolysis phenomena proceeds so that the material degrades, 
and the mass fraction is being reduced as far as the temperature increases through the thickness 
of the sample. 

As a conclusion, the benchmark presented in this section allowed to validate the correct operation 
of the thermal part of the thermomechanical model implemented in RamSeries to model the 
behaviour of composite based materials at high temperatures. The temperature profile across the 
thickness of FRP samples was accurately predicted. And the simulations also show the capability 
of the model in predicting the degradation of the material due to the pyrolysis effect.  
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Figure 72.Time evolution of the temperature (left) and mass fraction (right) profiles across the thickness of the 
sample. The snapshots were taken from top to bottom at the time instants t = 5.0 s., t = 100 s., t = 200 s., t = 300 s., 

t = 400 s., t = 500 s., t = 600 s., t = 700 s., t = 800 s. 

 

 FTP Code Part 11 fire test 
In this section, the collapse assessment tools implemented in RamSeries are tried out by simulating 
the FTP-Code fire test performed in WP7. 

 

3.4.2.1. Model description 
A 2.9 m x 2.98 m quadrilateral panel with a thickness of 0.147 m is analysed using a non-linear 
thermal analysis model that accounts for the pyrolysis phenomena. The specimen consists on a 
sandwich panel insulated by a thick layer of rockwool on one face. In turn, the sandwich panel is 
compounded by a PVC core bounded by two monolithic composite layers. The thickness of the 
PVC core is about 35 mm. And the thickness of each monolithic layer is 6 mm. The domain is sub-
divided in 4 horizontal and 4 vertical divisions where 5 sensors are placed. Each sensor actually 
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consists of three thermocouples which are used to measure the temperature in the unexposed 
surface (node 1, z = 0.0 m) in the mid-plane of the PVC core (node 22, z = 0.0289 m) and in the 
backside of the first composite layer (node 34, z = 0.0464 m). The actual location of the 
thermocouples is detailed in Figure 73. 

 

 
Figure 73. Schematic representation showing the overall dimensions of the panel tested using the FTP-Code Part 11 
fire tests. In the detail at the bottom, the through-thickness layout of the panel is shown. The panel itself consists on 

a PVC core surrounded by two layers of a monolithic composite based on a resin similar to that of the LEO system 
down-selected in WP2. The panel’s side facing the interior of the furnace is protected by a layer of rockwool. The 

location of the various thermocouples in the surface and through the thickness of the panel is also presented. 

In Figure 74 the CAE model built in RamSeries to undertake the simulation of the FTP-Code Part 
11 fire test is presented. The model was analysed using the collapse assessment capabilities 
implemented in RamSeries in the course of the FIBRESHIP project. The CAE model is divided into 
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5 fire regions, each one associated to a set of three temperature monitoring points that provide a 
numerical prediction of the time evolution of the temperature profile through the thickness of the 
composite panel. The thermal problem on each fire region is solved using the one-dimensional 
thermal model implemented in RamSeries for modelling the thermal behaviour and pyrolysis 
degradation of composite materials exposed to fire and whose validation has been presented in 
section 3.4.1. As has been explained in section 3.4.1. this thermal model consists on a one-
dimensional heat transfer problem that accounts for pyrolysis of the FRP material. In Figure 74, a 
schematic representation of the 1D model used to discretize the thickness of the composite panel 
is also presented. The position of the temperature monitoring points is shown in the same figure. 

 

 
Figure 74.CAE model built in RamSeries representing the panel tested using the FTP-Code Part 11 fire test. In the 

image on the top, the position of the 5 temperature sensors is presented using the same disposition as in the 
experimental test. Each one of these sensors actually defines a fire region in the CAE model. In turn, each fire region 
has associated its own boundary conditions regarding the thermal 1D problem to be solved through the thickness of 

the structural part. 

 

To solve the 1D thermal problem, the thickness of the sample is discretized using a total of 98 
linear 1-D bar elements. The insulation part is discretized using 60 uniformly spaced elements. The 
PVC core is discretized with 20 elements. And finally, each of the monolithic layers is discretized 
using 9 uniformly spaced elements. In the case of the structural domain, a structured mesh of 256 
linear quadrilateral elements was used for geometrical discretization of the panel. 

 

3.4.2.2. Boundary conditions 
The experiment is undertaken subjected to the standards described in ISO 834, which prescribes 
the heat curve to be applied. As can be seen in Figure 75, on the exposed surface (i.e. at node 144 
with z coordinate about 0.147 meters), the furnace temperature measured in the experiment is 
in perfect agreement with that expected from the ISO 834.  



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 105 of 147 

 
Figure 75. Comparison between the temperature curve prescribed by the ISO 834 to be applied in the fire test and 

the actual temperature measured on the exposed surface of the sample during the experiment. It can be observed a 
perfect coincidence between both curves. 

On the exposed surface, the standard value for the convection coefficient would be 25 W/m2/K, 
however the sensitivity tests show that a more convenient value would be about 15 W/m2/K. In 
the case of the emissivity, the standard value of 0.9 is considered. 

On the unexposed surface (i.e. at node 0 with z coordinate about 0.0 meters) the experimentally 
measured temperature ranges from 17º to 32º depending on the actual monitoring point. The 
measured ambient temperature is unknown, thus being assumed to be about 17º since this is the 
initial value registered across the thickness of the specimen. However, it is also assumed that this 
temperature rises since the temperature of the air surrounding the furnace is higher at the end of 
the experiment. The actual temperature of the furnace varies from 20º at the beginning of the 
test to 1000º at the end of the experiment. Hence, the ambient temperature is finally taken to be 
25º which is the average of the 17º degrees assumed as the initial temperature and the 32º 
degrees measured as the average temperature of the unexposed surface of the specimen at the 
end of the test. A standard value for the convection coefficient in the unexposed surface of the 
specimen is taken as 9 W/m2/K and its emissivity is considered to be 0.9. 

 

3.4.2.3. Material properties calibration 
The specimen under analysis has a layered structure. The first layer, facing the interior of the 
furnace, consists of two layers of rockwool each about 50 mm thick. Such a first layer of insulation 
material acts as a thermal protection of the sandwich panel built from a PVC core about 35 mm. 
thick surrounded by two layers of monolithic composite material. Each of the two monolithic 
stacks is made of 3 layers of a composite based on a resin similar to that of the LEO System (E-
glass + Vinylester) which is the material down-selected in WP2 to be used in the construction of 
the demonstrator in FIBRESHIP. Each layer of the monolithic stack has a thickness of 3.8 mm, 
adding to a total of 11.4 mm or 7.22% of the total thickness. A schematic representation of the 
panel used in the experiment is shown in Figure 76. 
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Figure 76. Schematic representation of layered structure of the panel testes using the FTP-Code Part 11 fire test. 

 

LEO system thermal properties 

The most relevant thermal properties of the LEO system are summarized in what follows. The 
thermal conductivity is about 0.5135 W/m/K and was obtained from numerical calibrations 
conducted with FDS based on experimental samples. On the other hand, the specific heat was also 
obtained from the same kind of numerical calibration to assess a value of about 858.55 J/m2/K. 
The density value of the LEO system was obtained from the thermogravimetric experimental data. 
In its virgin state (with no degradation, neither pyrolysis), the density of the LEO system is about 
1780 kg/m3. For its degraded state, the results obtained from a thermogravimetric analysis show 
that the mass fraction of the LEO system composite in air is approximately 1%. The experimental 
thermogravimetric data for the LEO system is shown in Figure 77 together with the best fit of this 
data to the Arrhenius type of law used to calibrate the kinetic parameters of the pyrolysis model. 

 
Figure 77. Thermogravimetric experimental data corresponding to the LEO system composite (blue solid line). The 

best fit (orange solid line) obtained using an Arrhenius type of law allows to obtain the necessary kinetic parameters 
to be used for modelling the pyrolysis phenomena in the numerical thermomechanical model. 

 

The fitting equation in the figure above corresponds to an integrate Arrhenius law of the form: 

𝑑𝐹

𝑑𝑡
≔ − 𝐴 𝐹 𝑒 → 𝐹 = 𝑡 ·  𝐴 𝐹 𝑒  , ∀𝑡 ≥ 0 
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Such a fitting is useful to calibrate the parameters of the Arrhenius law required as input data for 
the thermal model with pyrolysis implemented in RamSeries for modelling the degradation and 
thermal behaviour of FRP materials. Such a model requires the input of a pre-exponential factor 
(A), the order of decomposition (N) and the activation energy (E). The values used in the present 
work and obtained from the best fitting in Figure 77 which are summarized in Table 17. These 
values correspond to the fitting that best match the data obtained from a thermogravimetric 
analysis performed with a heat flux rate of 20 W/min. 

 

Table 17. Arrhenius law parameters calibrated for the LEO system composite material. 

Pre-exponential Factor (A) 6.00E+20 s-1 

Order of decomposition (N) 6 

Activation Energy  2.80E+05 J/kmol 

 

Since a pyrolysis model is being considered, there is an enthalpy associated to the amount of the 
energy that the gas is carrying, considering that the gas remains inside of the degraded porous 
medium of the composite. A common value for the specific heat coefficient of the gas in a typical 
vinylester type of resin lies in the range 1000 – 1200 J/m2/K.  

Finally, the decomposition energy of the polymer is also required. According to the calibration of 
the experimental model proposed by Henderson [20], the value of the decomposition energy 
ranges from 100 to 2000 kJ/kg for a vinylester type of resin. For the present work, the most 
suitable value for the calibration becomes to be about 200 kJ/kg. 

PVC thermal properties 

The core of the sandwich panel is made of H80 PVC manufactured by DIVINYCELL. It has a thickness 
of 35 mm., which represents 22.17% of the total thickness of the specimen. According to the 
manufacturer, the most significant thermal properties for this material are as follows. The thermal 
conductivity as a function of temperature and density of the PVC is given in Figure 78. 

Following the approach suggested by VTT, this data can be interpolated to higher temperatures 
and for the actual density of the PVC used for the present specimen. The resulting curve of thermal 
conductivity as a function of temperature is provided in Figure 79. 
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Figure 78. Thermal conductivity of PVC as a function of density in the range of density grades H30 – H250 as 

provided by the manufacturer. Data is also presented as a function of temperature in the range -10 ºC – +37 ºC. This 
data must be extrapolated to higher temperatures to be used in the numerical simulations. 

 

 
Figure 79. Thermal conductivity of H80 PVC as a function of temperature. Data obtained by extrapolation of the data 

provided by the manufacturer (see Figure 78). 

 

The standard values of specific heat of PVC range from 280 to 1170 J/m2/K. The upper limit value 
of 1170 J/m2/K is finally chosen for the present calibration. Finally, the nominal value of density 
provided by the manufacturer of the H80 PVC is also used. Hence, 80 kg/m3 are assumed for the 
virgin state of the H80 PVC material used in the core of the sandwich panel being tested. For the 
degraded or char state, data from the literature was used. In particular, the thermogravimetric 
study in [22] was taken as reference. In that work, the mass evolution of PVC as a function of 
temperature during the thermogravimetric analysis is shown. The results are summarized in Figure 
80 were three different samples of PVC are analysed. It can be observed that the degradation 
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starts at temperatures above the 200 ºC when the sample is subjected to a heating rate of 10 
K/min. During the FTP Code fire test, the temperature measured in the middle-span of the PVC 
core remains below 100 ºC, and the bounding with the hotter monolithic stack shows a 
temperature evolution that never surpasses a temperature of 169 ºC. Therefore, the mass fraction 
of the final state can be considered to be at any point in the range of 10% - 80% since there shall 
be no apparent degradation and the actual influence of the values assumed for the degraded state 
will be minimal. In the present study, the density of the degraded material is selected to be a 10% 
of the initial value. 

 
Figure 80. Mass fraction of PVC as a function of temperature. Extracted from [22]. 

 

The evolution of the mass fraction in Figure 80 exhibits an important deviation from sample to 
sample. The worst case from all the samples is used for calibration as shown in the following figure. 
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º

 
Figure 81. Worst degradation case for PVC reported in [22] and the corresponding fitting. The best fit (orange solid 

line) obtained using an Arrhenius type of law allows to obtain the necessary kinetic parameters to be used for 
modelling the pyrolysis phenomena in the numerical thermomechanical model. 

Similarly to what has been done in the case of the LEO system material, an Arrhenius equation has 
been assumed to govern the evolution of the pyrolysis phenomenon of the PVC. In the work by 
Motysia in [22] the evaluation of the parameters that characterize the Arrhenius law was 
addressed. Figure 82, extracted from that work, presents the evolution of the pre-exponential 
factor and activation energy of the PVC as a function of the degradation parameter. 

 
Figure 82. Variation of the activation energy and pre-exponential factor of PVC with respect to the degradation 

factor. Data extracted from [22]. 
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Note that in the figure, the logarithm of the pre-exponential factor ranges from 2 to 13 s-1. While 
the activation energy ranges from 70 to 170 kJ/mol. The final values for the parameters that 
characterize the Arrhenius law governing the behaviour of the PVC are summarized in the 
following table. 

 

Table 18. Arrhenius law parameters for the PVC material as provided in [22]. 

Pre-exponential Factor (A) 1.2026e6 s-1 

Order of decomposition (N) 2 

Activation Energy (E) 9. 0E+05 J/kmol 

 

Since a pyrolysis model is being considered, there is an enthalpy associated to the amount of 
energy carried by the gas resulting from the material combustion decomposition, where the gas 
is assumed to remain inside of the degraded porous medium constituted by the residual PVC’s 
char. Nevertheless, based on the temperature evolution of the PVC’s degradation curve, it is 
assumed that there will be no significant effect of the gas, since the degradation factor shall be 
close to 1 during the entire experiment, which is equivalent to having no degradation. The final 
chosen value for the specific heat coefficient of the gas is about 1200 J/m2/K. 

Concerning the decomposition energy of the polymer, its actual value is assumed to be irrelevant 
for the numerical simulations, since there will be no decomposition at all. Thus, an arbitrary value 
of 0.0 kJ/kg is selected.  

 

Rockwool thermal properties calibration 

The insulation material (in this case a typical rockwool) can be considered to be pyrolysis free. This 
means that the degradation factor F of this material will remain equal to 1.0 and its evolution will 
be forced to be equal to 0.  

𝑑𝐹

𝑑𝑡
≔ − 𝐴 𝐹 𝑒 = 0.0 

Since pyrolysis does not occur and the degradation factor remains constant, the pre-exponential 
factor of the Arrhenius law can be taken as zero and the actual value of the remaining parameters 
(i.e. reaction order and activation energy) becomes irrelevant. Similarly, the specific heat 
coefficient of the reaction gas can be disregarded, and its value can be assumed to be 0.0 J/m2/K 
to all effects in the numerical model. For the same reasoning, the decomposition energy of the 
material can be assumed to be null (𝑄 = 0.0 𝑘𝐽/𝑘𝑔). 

In these conditions, the only relevant thermal properties of the material reduce to be the density, 
thermal conductivity and specific heat of the virgin material. Hence, the actual nominal values 
provided by the manufacturer can be used for the calibration of the numerical model. 

The initial density of the virgin material is taken as 𝜌 = 60.0 𝑘𝑔/𝑚 . On the other hand, the 
temperature evolution of the thermal conductivity is provided by the manufacturer as shown in 
the following figure. 
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Figure 83. Variation with temperature of the thermal conductivity of rockwool as provided by the manufacturer. 

Finally, according to the manufacturer, the value of the specific heat coefficient is 840 J/m2/K. 
However, this value refers to an ambient temperature of about 20 ºC. Since the insulation material 
will be exposed during the test to temperatures near 1000 ºC, a more reasonable value of specific 
heat may be significantly lower. The final value used in the simulations is about 750 J/m2/K. 

 

 

3.4.2.4. Temperature distribution numerical results 
Based on the boundary conditions and material calibrations presented in the previous sections, 
the results shown in Figure 84 were obtained. Note that the right axis scale represents the furnace 
temperature. The rest of temperature evolution curves registered in the different sensors (both 
experimental and numerical) are referred to the left axis. 
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Figure 84. Experimental and numerical results of the FTP-Code fire test. It can be observed that a very good 

agreement is obtained between the experimental measurements and the numerical predictions. 

In Figure 84, it can be observed that the temperature obtained numerically on the node 144 (z = 
157.8 mm.) is in perfect agreement with the temperature specified by the ISO 834 corresponding 
to the prescribed emissivity and convection coefficient of the exposed surface. 

On the opposite side of the specimen, the so-called unexposed surface, it can be observed that 
the assumed emissivity and convection coefficient also provide a good prediction. Together with 
the assumption that the final ambient temperature is not constant due to the action of the 
furnace. 

The thermocouples placed right behind the monolithic composite stack – the one surrounded by 
the insulation and the core – presents an accurate response for the calibrated parameters in 
regions T6 – T10. There is a slightly deviation in the range of 3500 – 4500 seconds for some other 
regions which may be caused by the initial collapse of the panel. This occurs in a non-symmetric 
mode with respect to the vertical axis. And as it can be observed, the larger fluctuations in the 
experimental data occur between the sensors located at both sides of that symmetry axis. 

The thermocouples placed in between the two layers of PVC (mid-span of the core) show a 
remarkably good prediction according to the experimental data. There is a small deviation for 
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times above 4000 s. However, this may be explained by the starting of the collapse of the panel 
but also because of the uncertainty on the thermal conductivity over the range of 37ºC. 

In Figure 85 the temperature distribution through the thickness of the specimen is shown as it is 
computed numerically at the instant t = 4900 sec. It can be observed that the thermal properties 
of the insulator (located on the right side in the figure) provide a larger gradient of temperature, 
whilst the heat flux is severely reduced in the sandwich region, never surpassing the 
decomposition temperature. This implies that the composite panel remains almost intact. This can 
be appreciated as well when looking at the contour fill distribution of the degradation parameter 
F. This is shown in Figure 86 at the same instant of the simulation t = 4900 sec. Note that the 
maximum degradation, which appears as it is expected at the interface between the insulation 
and the panel itself, is only of the order of 1%. This is because the insulation material perfectly 
accomplishes its purpose of protecting the panel far beyond the 60 minutes of time required to 
pass the certification requirements. 

 
Figure 85. Numerically predicted temperature profile through the thickness of the panel at time t = 4900 s. The 

exposed side of the panel is on the right. 

 

 
Figure 86. Numerically predicted profile of remaining mass fraction or material degradation through the thickness of 

the panel at time t = 4900 s. 

 

Taking into account that the degradation factor is defined as: 

𝐹 =
𝜌 − 𝜌

𝜌 − 𝜌
 

where the subscript f denotes final or degraded state and subscript 0 denotes initial or virgin state, 
a degradation of 99.1% is roughly equivalent to a mass fraction of 99.2% which means that the 
composite has roughly degraded. These observations are in accordance to the thermogravimetric 
experimental data in Figure 77 which shows that degradation starts roughly above 200 ºC. 
However, at this range the degradation rate is close to zero as shown also by the numerical results. 
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The most important outcome of the FTP code fire test is the demonstration of the ability of the 
FRP-based specimen to resist the thermal load imposed by the standard. And this is confirmed 
here by the numerical simulation. On the other hand, the agreement between the experiment and 
the numerical simulations allowed us to test and validate the thermal part of the implementation 
of the thermomechanical model for advanced composite materials accounting for pyrolysis 
phenomena in RamSeries. 

 

3.4.2.5. Mechanical properties calibration: temperature dependence 
As in the case of the calibration of thermal properties in section 3.4.2.3, the calibration of 
mechanical properties of the various materials used in the manufacturing of the test panel is 
addressed here. Note that the characterization of the mechanical properties of the LEO system 
was already addressed in section 2.2 in the context of the validation of the RoM/SP-RoM theory. 
However, the temperature dependence of the mechanical properties must be incorporated herein 
to fit the requirements of the thermomechanical model.  

LEO system thermo-mechanical properties 

The mechanical properties (including damage parameters) of the fibre and resin used in the 
monolithic composite layers of the panel being tested are assumed to be those of the LEO System 
material calibrated in the previous section. Nevertheless, it is necessary to add and characterize 
the Mourtiz-Gibson law required to account for the evolution of the mechanical properties with 
the temperature. In particular, the Young’s modulus dependence on temperature must be 
addressed to be able to accurately predict the mechanical response of composite materials under 
the action of fire. From VTT’s report [23], the evolution of the Youngs modulus is that shown in 
Figure 87. The experimental data can be fitted to the following equation corresponding to the 
Moritz-Gibson law presented in [24]:  

𝑃(𝑇, 𝐹) =
𝑃 + 𝑃

2
−

𝑃 − 𝑃

2
tanh 𝜒 𝑇 − 𝑇 𝐹  

The values of the parameters that provide a best fit to the experimental data are summarized in 
Table 19. 

 

 

 

Table 19. Fitting parameters of the Moritz-Gibson type of law [22] to the experimental measurements of the 
temperature dependence of the Young’s modulus of the LEO system (see Figure 87). 

 Matrix Fibre 

𝑷𝒖 3.35 GPa 72.4 GPa 

𝑷𝒓 1.51 GPa 32.58 GPa 

𝑻𝒈 96 ºC 96 ºC 

𝝌𝟏 -0.0691 -0.0691 

𝝌𝟐 6.0 6.0 
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Figure 87. Evolution of the Young modulus of the LEO system with temperature. 

Note that it is assumed that the matrix and the fibre exhibit the same variation as that of the 
composite. This is: 

𝑃

𝑃
=

𝑃

𝑃
=

𝑃

𝑃
 

𝜒 = 𝜒 = 𝜒  

𝜒 = 𝜒 = 𝜒  

And the equivalent composite properties can be found by using the following rule of mixtures: 

𝑃 = 𝑣 𝑃 + 𝑣 𝑃  

𝑃 = 𝑣 𝑃 + 𝑣 𝑃  

Note that in the calibration of mechanical properties performed in section 2.2, a readjustment on 
the volume fraction was introduced to account for the fact that the material was not completely 
unidirectional and the distribution of the stacking in the manufacturer’s data sheet was given by 
areal weight. The actual value of the volume fraction that best matches the properties of the 
equivalent composite is reported in Table 20. 

Table 20. Final value of the volume fraction that best matches the properties of the equivalent composite. 

 Matrix Fibre 

𝝂𝒇 0.4 0.6 
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In addition to the temperature dependence of the Young’s modulus, the thermal expansion 
coefficient must be also considered as well. The thermal expansion coefficient of the Leo System 
is considered to be the same one as a that of a regular fiberglass-vinylester composite. For the 
sake of simplicity, and due to the lack of empirical data, the same thermal expansion coefficient is 
also assumed to apply to both, matrix and fibre components. 

Table 21. Thermal expansion coefficient of the LEO system composite. The same value is assumed to 
apply to both, fibre and matrix and to adjust to the global behaviour of the composite. 

 Matrix Fibre 

𝜶 36.0 E-6 ºC-1 36.0 E-6 ºC-1 

 

PVC thermo-mechanical properties 

The mechanical properties of the PVC used in the core of the sandwich panel are taken from the 
datasheet of the divinycell H80 (Divinycell). The temperature evolution of the Young modulus of 
PVC is obtained from the literature [25]. The experimental data reported in that work is plotted in 
Figure 88 for the sake of reference and fitted also to the evolution law given by the Mouritz-Gibson 
equation presented in the previous sub-section. The material parameters providing the best fit for 
the PVC curve are those summarized in the following table: 

Table 22. Fitting parameters of the Moritz-Gibson type of law [22] to the experimental measurements of the 
temperature dependence of the Young’s modulus of PVC (see Figure 88 and reference [25]). 

PVC 

𝑷𝒖 49 MPa 

𝑷𝒓 1.47 MPa 

𝑻𝒈 90 ºC 

𝝌𝟏 -0.0475 

𝝌𝟐 6.0 

 

The thermal expansion coefficient used to calibrate the model is slightly higher than the value 
obtained from the Transient Plane Source (TPS) tests. 

Table 23. Thermal expansion coefficient of the PVC. Note that the value obtained from the numerical 
calibration is slightly higher than that reported in the TPS tests. 

PVC TPS tests Numerical 
calibration 

𝜶 32 ºC-1 40 ºC-1 
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Figure 88. Temperature dependence of the Young modulus of PVC (obtained from reference [25]). 

 

Rockwool thermo-mechanical properties 

The rockwool is a very soft material with poor mechanical properties whose only purpose is to 
protect the panel from the action of fire and to prevent the thermal degradation of the composite 
material and the subsequent collapse of the structural component. Hence, no significant 
references have been found in the literature reporting valuable information concerning the 
mechanical properties of the rockwool. However, the thermomechanical model in RamSeries 
requires some input concerning the elastic properties of any material used in the definition of a 
laminate stack as the one used to simulate the fire test. Hence, the mechanical properties were 
obtained from reference [26], where the method used is based on the numerical prediction of the 
elastic stiffness tensor of a random network of mineral wool fibres. To this aim, the author in [26] 
used the finite element method to directly assess the elastic response of a representative volume 
element (RVE) of mineral wool fibres by the numerical homogenization method. The elastic 
properties derived from the stiffness matrix reported in [26] are summarized in Table 24. 
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Table 24. Elastic properties of the Rockwool insulation material as estimated from the stiffness matrix 
numerically computed in [26]. 

Property Value 

𝑬𝟏𝟏 0.246607 MPa 

𝑬𝟐𝟐 0.246649 MPa 

𝑬𝟑𝟑 0.013889 MPa 

𝑮𝟏𝟐 0.047306 MPa 

𝑮𝟑𝟏 0.0254 MPa 

𝑮𝟐𝟑 0.0254 MPa 

𝝂𝟏𝟐 1.17647E-06 

𝝂𝟑𝟏 1.17647E-06 

𝝂𝟐𝟑 1.17647E-06 

As can be observed, the material can be considered to behave as a transversely isotropic material 
with the following isotropic properties. 

Table 25. Isotropic elastic properties finally used to characterize the elastic. 

Property Value 

𝑬𝟏𝟏 0.246607 MPa 

𝝂 1.17647E-06 

𝝆 60 kg/m3 

 

Note that in this case, since we are dealing with an insulation material, no evolution with 
temperature is assumed to exists for the mechanical properties. And the thermal expansion 
coefficient is considered to be negligible. 

 

3.4.2.6. Mechanical boundary conditions 
The panel represents a bulkhead in which the upper edge (ceiling), has an applied boundary load 
of 7.0 kN/m in accordance to the FTP Code Part 11. This panel is inserted into the test frame of 
the furnace by sliding it through the track guides of the frame. The boundary conditions applied 
in the numerical model to resemble the actual fixations in the experiment are summarized in 
Figure 89. 
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Figure 89. Mechanical boundary conditions applied in the CAE model of the panel to simulate the mechanical 
fixations of the FTP-Code fire test. (a) On the floor edge, the panel is simply supported in all translational degrees of 
freedom. However, it is free to rotate. (b) On the vertical edges – both left and right – the panel is fixed in the out-
of-plane degree of freedom (i.e. Z global axis direction). On these vertical edges, the panel is also considered to be 

fixed in the horizontal in-plane degree of freedom (i.e. X global axis direction). However, this fixation is introduced in 
the form of a variable elastic constraint. (c) On the ceiling edge, the panel is considered to be solidary to the 

structural frame load and consequently it is only fixed in the out of plane degree of freedom. A boundary load of 7 
kN/m is applied over this edge in the vertical direction in accordance to the specifications of the FTP-Code fire test. 
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3.4.2.7. Thermomechanical model results 
The use of the FTP-Code fire test to validate the thermomechanical model implemented in 
RamSeries is based on the demonstration of the capability of the model to reproduce 
simultaneously, and using a single set of material properties, the through-thickness temperature 
profile and the out-of-plane displacement registered during the experiment using a deflection 
sensor located in the middle of the unexposed side of the composite panel. The validation of the 
temperature predictions has been already addressed in section 3.4.2.4. The experimental results 
from [27] regarding the deflection of the panel are presented in Figure 90 together with the 
numerical prediction computed with the thermomechanical model for collapse assessment 
implemented in RamSeries. 

 

 
Figure 90. Mechanical deflection in the out-of-plane direction at the center of the unexposed face of the panel. 

Numerical prediction is compared with the experimental measurements showing a fairly good agreement. 

 

Note that the first part of the out-of-plane displacement curve starts with small negative 
deflections even when the material has still not started to be heated and consequently maintains 
intact mechanical properties. This can be attributed to the fact that, due to the presence of the 
rockwool insulation layer the stack of the panel is non-symmetric. And more importantly, the 
layers of the stack present quite different elastic properties giving very different compression 
stiffness on both sides of the sample. If the section was symmetric and homogeneous, the load 
would be exactly applied on its centre of areas, however the composite panel presents a non-
symmetric and heterogeneous stacking section. Because of the symmetry of the load the external 
bending moment is null. And in order to obtain also a null internal bending moment, the cross 
section strain plane must rotate adequately. Since the Rockwool material has an almost negligible 
stiffness, it will deform much more than the section of the sandwich panel. Hence, the larger 
compression occurring on the exposed side of the sample (Rockwool region) leads to an initial 
negative bending as observed on both the experimental and numerical results. 
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Once the temperature becomes high enough, the dilatation effect overcomes the compression 
and the bending reverses. At this point, the deflection becomes positive as can be appreciated in 
Figure 90 at about t = 750 s. for the experimental curve, and significantly latter in the case of the 
numerical results. A possible explanation for the discrepancy in the prediction of the time at which 
the deflection is reversed may be the uncertainty on the value of the thermal expansion 
coefficients of the various components of the sandwich panel. However, the accuracy in the 
prediction of the slope of the deflection curve is quite remarkable. 

In the second stage of the deflection curve, the application of a variable elastic boundary condition 
in the numerical model plays an important role for the reproducibility of the experimental results. 
In this sense, note that approximately around the test time range of 2200 s – 2400 s, the slope of 
the deflection changes suddenly. And it is fair to assume that the panel slides through the test 
frame, and consequently the boundary conditions cannot be assumed to be completely fixed. As 
the fire progresses and the temperature of the composite rises, the material tends to dilatate and 
the specimen edges start to partially contact the frame and to become clamped. In order to 
reproduce this phenomenon, a kind of variable boundary condition has to be introduced. That’s 
why a variable elastic constraint was introduced. In order to prescribe the horizontal displacement 
after a certain amount of simulation time, the following spring evolution was considered. 

Left edge: 

𝐹 =
0.0 𝑢 ≥ −2.29𝑚𝑚

100231916 𝑢 𝑢 < −2.29𝑚𝑚
 

Right edge: 

𝐹 =
0.0 𝑢 ≤ 2.29𝑚𝑚

100231916 𝑢 𝑢 > 2.29𝑚𝑚
 

This will produce a clamp to occur smoothly on both vertical edges as observed in Figure 90 from 
time t = 2000 s. to t = 3600 s.  

The technicians of EUROFINS in charge of the test issued a report where some important events 
at certain time stamps were recorded. These are summarized in Table 26. 

 

Table 26. Summary of important issues observed and recorded by the EUROFIN technicians during the FTP-Code 
Part 11 fire test. 

Time (min:s) E/U Observation (E is fire exposed side; U is unexposed side) 

0:00 U Test was started. (temperature at time of initiation 20°C) 

23:00 E Cloth on the stone wool had teared somewhat. 

60:00  E  Small gaps between insulation slabs 

74:00  U  Smoke generation started to increase from top edge of the test specimen 

82:00  U  The upper right corner of the test specimen started to bulge outwards; gap 
between the test specimen and test frame started to increase. 
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82:12  

 

 Flaming from the upper right corner of the test specimen through the gap 
between the test specimen and test frame. The test specimen was no longer 
able to carry the load as the test specimen did not give any resistance to 
loading, the bending grew rapidly and flaming increased. 

The integrity of the test specimen was not deemed to be lost as flaming did 
not penetrate the test specimen; it was observed through the gap between 
the test specimen and test frame. 

82:20   Test was terminated due to safety reasons. 

 

Note that after 3600 seconds the Eurofins technicians report issues that make difficult to 
reproduce the deflection. It is reported for instance that the insulation presents gaps and a clear 
bulging appears on the upper right corner leading to a non-symmetrical configuration of the 
experiment. Because of this, the structure starts to collapse since the effective mechanical load 
increases because the upper right corner is no longer enduring any load. Such a collapse cannot 
be reproduced in the numerical simulation since it is a direct consequence of the non-symmetric 
configuration assessed during the experiment. And this is an effect that can be hardly incorporated 
in the numerical model. However, the bulging of the upper right corner can be anticipated from 
the numerical results by observing the deflection at the vertical mid-section of the panel (see 
Figure 91) and taking a look at the damage pattern (see Figure 92). 

 
Figure 91. Out of plane deflection profile at the vertical mid-section of the panel at time t = 5100 s before the 

experimental test starts to collapse. 

 

In Figure 91 it can be observed that the deflection profile has two protuberances, which have a 
direct correspondence with the two relatively undamaged regions of the panel that can be 
appreciated as blue zones in the damage pattern of Figure 92. Note that the damage degradation 
has a double triangular shape with a clear localization of the damage around the four corners of 
the panel. 
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Figure 92. Damage pattern at time t = 5100s before the experimental test starts to collapse. 

Once this damage localization happens in the experiment, any perturbance due to a defect on the 
panel or a slight imbalance in the applied load may cause the panel in a corner to get out from the 
furnace frame, thus causing the bulging. And once this happens, the fire security protocol of the 
experimental facilities establishes the test to be ceased. 

Another interesting observation is the deformation pattern at the very end of the experiment. As 
can be seen in the deflection profile in Figure 91 and in the experiment and numerical snapshots 
of Figure 93, the deformation pattern is similar to that from a buckling analysis.  
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Figure 93. (a) Test picture and simulation results at t=3600s. (b) Test picture and simulation results at t=5100s. 

 

The resultant deflection is larger in the simulation, but the pattern on the experiment snapshot is 
similar to that of the computational model. And this is probably what the specimen would have 
looked like if the upper right corner would not have bulged. 

Finally, it is quite interesting to continue with the simulation far beyond the point where the 
experiment was ceased. As can be seen in Figure 94, short after the experiment stops, the 
numerical model predicts a bulging effect in the form of a negative deflection that occurs around 
all four corners of the panel. 

 
Figure 94. Time evolution of the deflection close to the upper right corner of the panel as predicted by the 

numerical model. Note that short after the time when the experiment was ceased because of security reasons, the 
numerical model suggests the possibility of a bulging of the panel to occur by a sudden change in the sign of the 

deflection.  

 

In this sense, the thermomechanical model and the collapse assessment tool in RamSeries may 
constitute a reliable tool since it enhances the capabilities of the experimental analysis as far as 
the numerical model is not limited in terms of fire protection operability and can be used to 
analyse the behaviour of the structure far beyond the point where the experiment must be 
stopped due to security reasons. 
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4. GUI implementation and usability 

One of the objectives of WP3 in FIBRESHIP was to provide a single software suite integrating all 
the numerical tools developed within the project. This includes also a graphical user interface 
intended to facilitate the use of the various tools and their coupling. Some of the GUI components 
have already been presented in the previous section of the present document within the context 
of the validation of the corresponding numerical tool. The aim of this section is to demonstrate 
and validate the implementation of another important components of the graphical user interface 
of RamSeries designed to ease the definition of input data for the use of the Fire Dynamics 
Simulation solver (FDS). This component of the graphical user interface deserves special attention 
since it implies a particularly large implementation and constitutes and important component for 
the development of a collapse assessment tool based on the coupling of the external Fire 
Dynamics Simulation solver (FDS) [28] and the RamSeries built-in structural solver. 

 

4.1.  FDS graphic user interface 
In this section, the graphic user interface of RamSeries for the definition of FDS models is described 
in detail. With the aim of demonstrating its functionality, the different components of the GUI are 
presented within the context of the preparation of a CAE model intended to reproduce the FDS 
native input file for one of the fire scenarios in the containership analysed by VTT an extensively 
reported in [29]. The preparation of the model in RamSeries includes the geometrical definition of 
the computational domain and its various spaces, specification of material properties, natural and 
forced ventilations and the definition of measurement devices. The information provided in this 
section following the steps necessary for the preparation of an FDS model within RamSeries closely 
follows the description of the procedure used by VTT in [29] for the analysis of the various fire 
scenarios in the containership. 

 

 FDS analysis of a containership fire scenario in RamSeries 
The simulation model in [29] consists of multiple spaces located in one of the decks of the 
containership’s superstructure. As stated in [29], the simulated spaces include a corridor, cabins, 
a crew dayroom and a laundry room. In Figure 95 the model geometry is presented with the 
corresponding dimensions, while in Figure 96 a global view of the model built within the graphic 
user interface of RamSeries is shown. 
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Figure 95. Schematic representation of the model geometry with dimensions (see [29] for details). 
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Figure 96. Global view of the GUI of RamSeries during the definition of a CAE model for the use of FDS in the analysis of a fire scenario in the superstructure of the 

containership as it was performed in [29]. 
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Basic time data is reported in Figure 97 as it is introduced through the graphic user interface of 
RamSeries. As can be seen, the total physical time simulated is 3610 seconds, using an initial time 
step dt = 0.1 s. As reported in [29] the time step is adjusted automatically during the simulation in 
order to fulfil the internal stability criteria. Because of that, the time step is not locked neither 
restricted during the simulation as shown in the figure. 

 
Figure 97. Time data used during the simulation of the fire scenarios of the containership. 

 

Turbulence model parameters and other general data can also be controlled through the general 
data section of the RamSeries data tree. For the particular case under analysis, the “Very Large 
Eddy Simulation” (VLES) scheme is used with the Deardorff turbulence model to account for the 
eddy viscosity. 

 
Figure 98. General data showing the selection of the Deardorff turbulence model to be used in the simulation of the 

various fire scenarios concerning the containership vessel. 

 

The cell size used in all fire dynamics simulations of the containership is about 10 cm. and the 
mesh was actually divided into blocks of similar size to enable parallel computation. To this aim, 
10 blocks were used in the case where the external doors were closed, while twelve blocks were 
used in the case with the open external door. In Figure 99 the twelve blocks are represented by 



D3.4. (WP3): Report including the validations 
and benchmarking of the various 

developments  
 

 Page 130 of 147 

different colours. In the same figure, the disposal of the various blocks within the RamSeries data 
tree is presented together with a detail of the basic data definition window where the number of 
cells used to discretize the crew dayroom space in each direction is provided. Similar data is 
required when defining each one of the computational blocks associated with each one of the 
spaces of the fire scenario. 

  
Figure 99. Subdivision of the computational domain into mesh blocks to be used in a parallel computation. (a) The 
twelve coloured blocks correspond to different spaces of the superstructure of the containership. (b) and (c) show 

the disposal of the various mesh blocks in the RamSeries data tree and a detail on the definition of one of the 
computational blocks (i.e. the crew dayroom). Basic data to be provided for the definition of each block simply 

consists on the number of cells on each spatial direction to be used for numerical discretization. In this case, the 
number of cells is adjusted to obtain a spatial discretization of about 10 centimetres. 
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4.1.1.1. Design fire 
In all simulations, the design fire mimics a towel rack fire which is modelled as a prismatic volume 
located in the laundry room. The exact location of the fire rack is shown in Figure 100. The heat 
release rate of the design fire as a function of time is reported in [29]. In Figure 101 the definition 
of the heat release rate within the GUI of RamSeries is presented. The maximum heat release rate 
per unit of area attained in the plateau of the curve is about 500 kW/m2. And the heat release rate 
is applied as a boundary condition to the largest vertical surface of the prismatic volume 
representing the towel rack not facing the compartment’s wall. Such a vertical surface measures 
3.2 m2 thus providing a maximum heat release rate of 1600 kW. 

 
Figure 100. Location of the towel rack fire. In this particular case, the design fire is located at the corner of the 

laundry room. 

 
Figure 101. Definition of the design fire using the graphical user interface of RamSeries. The maximum heat release 

rate occurs between t = 200 s. and t = 510 s. where a maximum constant heat release rate per unit area of 500 
kW/m2 is attained. When applied to the surface of the prismatic volume representing the towel rack which has an 

area of 3.2 m2, it amounts to a maximum heat release rate of 1600 kW (see [29] for further details). 
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4.1.1.2. Ventilation 
The simulation of fire scenarios in the containership has taken into account a complex ventilation 
system capable of reacting to pressure changes caused by the fire. Each individual space has 
associated at least one air supply and one air exhaust. The air supplies are shown in Figure 102, 
while the air exhausts are drawn in Figure 103. 

 
Figure 102. Location of the various air supplies in the middle of each individual space of the containership’s 

model. 

 
Figure 103. Location of the various air exhausts within each individual space of the containership’s model. 

Additionally, each closed door is assumed to have a leakage that is equivalent to a leak with an 
area of 0.023 m2. In Figure 104 the leakage areas of the closed doors are drawn. As can be seen, 
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the leaking area is assumed to be located low on the door panel. Each leaking area is one gas cell 
above the bottom deck, has a height of one gas cell also and has the same width as the door. All 
this can be appreciated in the detail of Figure 105 where the leakage area associated to the closed 
door between cabin 1 and the corridor is shown. 

 
Figure 104. Leakages associated to each closed door in the containership’s model. In the case corresponding to the 
present figure, all doors are closed except the one connecting the laundry room with the corridor and the door to 

open deck at the portside end of the corridor. 

 

 

Figure 105. Detail of the leakage defined within the closed door separating the cabin 1 space from the corridor. 
Similar leakages are defined for each closed door. The leaking area is assumed to be located low on the door panel 

and has and associated area of about 0.023 m2. 
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4.1.1.3. Definition of model surfaces and wall obstacles 
The decks below and above the various spaces are built in steel in all the simulations. However, 
these steel structures are actually defined as layered surfaces containing three layers; the external 
ones are made from steel, while the core layer is made of mineral wool. The thickness of the steel 
layers is 2 mm., while the mineral wool layer is 6 cm. thick. The definition of the layered structure 
of the steel surfaces in RamSeries GUI is shown in Figure 106. Note that during the definition of 
the layered structure of the surfaces to be used in FDS simulations, the complete database of 
materials existing in RamSeries can be accessed. 

 

 

Figure 106. Definition of the layered structure of the steel panels used in the containership fire scenario. (a) The 
external surfaces of the panel are actually made of steel and have a thickness of 2 millimetres. The core of the panel 
is made of RockWool and has a thickness of 6 centimetres. (b) Note that when defining the layered structure of each 

surface in FDS, the complete materials’ database of RamSeries is accessible. 

 

Once the surface properties have been defined, these can be associated to the various obstacles 
and vents that define the boundaries of the computational domain. In Figure 107, Figure 108 and 
Figure 109 the various external walls, decks and bulkheads separating the various spaces are 
shown respectively as they are defined in the graphic user interface of RamSeries following the 
same distribution as in the original FDS input file. 
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Figure 107. Definition of external boundaries of the computational domain. 

 
Figure 108. Definition of upper and bottom deck boundaries. 

 
Figure 109. Definition of boundaries separating different spaces within the computational domain. 

 

4.1.1.4. Instrumentation 
Several quantities can be monitored during a fire dynamics simulation. These quantities can be 
monitored at discrete point locations but also at specific planes. Gas temperatures and pressures 
are registered for instance at the specific coordinates of the points shown in Figure 110 and Figure 
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111 respectively. The definition of these punctual measurement devices simply requires the 
specification of the device coordinates (automatically provided by the CAD model if the device is 
associated to a physical point in the model) and the quantity to be monitored (i.e. temperature or 
pressure in the present case). In Figure 110, an example is presented corresponding to the 
definition of a generic measurement device intended to monitor the gas temperature in a point 
located 55 cm above the deck’s surface in the laundry room. The coordinates of the point are not 
given explicitly since they are obtained from the CAD model at the time the input file is written. A 
list of all temperature devices is also presented showing their distribution within the CAD model. 
Similarly, in Figure 111 the definition of a generic device intended to measure the pressure 
evolution at a point located in the corridor is presented together with a list of all pressure devices 
and their distribution across the entire model. 

 

 

 

 
Figure 110. Gas temperature monitoring points. (a) Top view. (b) Isometric view. Note that one gas temperature 
monitoring point is defined at each cabin, while several monitoring points are distributed across the corridor and 

at different locations and heights within the laundry room where the fire takes place. The list of identifiers 
associated to each measurement device is also shown at the right side of the figure. 
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Figure 111. Gas pressure monitoring points. (a) Top view. (b) Isometric view. Note that one gas pressure 

monitoring point is defined at each cabin, one additional one is located in the crew’s dayroom, and two of them 
are finally located in the corridor. The list of identifiers associated to each measurement device is also shown at 

the right side of the figure. 

 

4.1.1.5. Input file generation and process running 
Finally, an excerpt of the input file generated from the graphic user interface of RamSeries is listed 
at the end of this section for the sake of verification. Such an input file is automatically generated 
by the internal routines of RamSeries when running the model from the GUI and before actually 
calling the FDS solver. In Figure 112 the process information windows reporting the status of the 
calculation at run-time are shown. This provides the possibility of monitoring the calculation 
process from the user interface. A detailed description of the results corresponding to the model 
whose preparation has been presented in this section can be consulted in chapter 4 of the 
deliverable D4.1 [29].  
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Figure 112. Global view of the GUI of RamSeries showing the FDS process information windows during the calculation of one the containership’s fire scenario. 
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An excerpt of the input file generated using the interface of RamSeries is presented in the 
following listing. It corresponds to the fire scenario of the steel-based ship with a design fire 
located at the corner of the laundry room as it was analysed in [29]. Some parts of the input file 
were actually elided for the sake of brevity 
 
&HEAD CHID='Containership_Steel_2doors_corner', TITLE='' / 
&TIME T_END=3610.0, DT=0.1/ 
&MISC TMPA=20.0/ 
&MESH XB=0.0,5.8,0.0,5.0,0.0,2.8, IJK=58,50,28/ 
&MESH XB=5.8,7.0,0.0,11.6,0.0,2.8, IJK=12,116,28/ 
&MESH XB=5.8,7.0,11.6,23.3,0.0,2.8, IJK=12,117,28/ 
&MESH XB=0.0,5.8,20.0,23.3,0.0,2.8, IJK=58,33,28/ 
&MESH XB=7.0,12.0,1.6,5.0,0.0,2.8, IJK=50,34,28/ 
&MESH XB=7.0,12.0,5.0,8.4,0.0,2.8, IJK=50,34,28/ 
&MESH XB=7.0,12.0,8.4,11.6,0.0,2.8, IJK=50,32,28/ 
&MESH XB=7.0,12.0,11.6,14.8,0.0,2.8, IJK=50,32,28/ 
&MESH XB=7.0,12.0,14.8,18.0,0.0,2.8, IJK=50,32,28/ 
&MESH XB=7.0,12.0,18.0,23.3,0.0,2.8, IJK=50,53,28/ 
&MESH XB=0.0,12.0,23.3,24.8,0.0,4.3, IJK=120,15,43/ 
&MESH XB=0.0,12.0,24.8,26.3,0.0,4.3, IJK=120,15,43/ 
&MATL ID='Steel', 
   DENSITY = 7850.0, 
   CONDUCTIVITY = 204, 
   SPECIFIC_HEAT = 0.8, 
    / 
&MATL ID='RockWool_130', 
   DENSITY = 130.0, 
   CONDUCTIVITY = 204, 
   SPECIFIC_HEAT = 0.8, 
    / 
 
&SURF ID='Steel_void', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   BACKING='VOID',  
   CELL_SIZE_FACTOR=1.0,  
   DEFAULT=.TRUE./ 
&SURF ID='Steel_exposed', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Exterior_Door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   BACKING='VOID',  
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Crews_Dayroom_Door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin1_door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin2_door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin3_door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin4_door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin5_door', 
   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Closed_Cabin6_door', 
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   MATL_ID(1:3,1) = 'Steel','RockWool_130','Steel' 
   THICKNESS(1:3) = 0.002,0.06,0.002 
   CELL_SIZE_FACTOR=1.0/ 
&SURF ID='Burner_towels', 
   HRRPUA=500.0/ 
   RAMP_Q='Burner_towels_RAMP_Q'/ 
&SURF ID='SteelLouver', 
   MATL_ID(1:1,1) = 'Steel' 
   THICKNESS(1:1) = 0.002 
 / 
 
&REAC ID='AIT just a guess 470C propane, CO 609C', 
   FUEL='PROPANE',  
   C=3,  
   H=8,  
   SOOT_YIELD=0.05,  
   CO_YIELD=0.025,  
   AUTO_IGNITION_TEMPERATURE=350.0/ 
 
&INIT ID='INIT//Init Auto 0', XB=0.0,2.3, 21.2,23.2, 0.0,2.0/ 
 
&ZONE ID='Crew dayroom', XB=1.0,4.8,1.0,4.0,1.0,1.8, / 
&ZONE ID='Cabin 1', XB=8.0,11.0,2.6,4.0,1.0,1.8, / 
&ZONE ID='Cabin 2', XB=8.0,11.0,6.0,7.4,1.0,1.8, / 
&ZONE ID='Cabin 3', XB=8.0,11.0,9.4,10.6,1.0,1.8, / 
&ZONE ID='Cabin 4', XB=8.0,11.0,12.6,14.8,1.0,1.8, / 
&ZONE ID='Cabin 5', XB=8.0,11.0,15.8,17.0,1.0,1.8, / 
&ZONE ID='Cabin 6', XB=8.0,11.0,19.0,23.3,1.0,1.8, / 
 
&OBST ID='Crew dayroom -x', XB=0.0,0.0,0.0,5.0,0.0,2.8, RGB=-1, SURF_ID='Steel_void'/ 
&OBST ID='Crew dayroom x', XB=5.8,5.9,0.0,5.0,0.0,2.8, RGB=-1, SURF_ID='Steel_exposed'/ 
&OBST ID='Crew dayroom -y', XB=0.0,5.8,0.0,0.0,0.0,2.8, RGB=-1, SURF_ID='Steel_void'/ 
&OBST ID='Crew dayroom y', XB=0.0,5.8,5.0,5.0,0.0,2.8, RGB=-1, SURF_ID='Steel_void'/ 
---------------------------------------------------- 
Additional obstacles are defined here  
----------------------------------------------------  
&OBST ID='Obst Auto 12', XB=9.4,9.6,9.9,10.1,2.6,2.61, RGB=-1, SURF_ID='SteelLouver'/ 
&OBST ID='Obst Auto 13', XB=9.4,9.6,13.1,13.3,2.6,2.61, RGB=-1, SURF_ID='SteelLouver'/ 
&OBST ID='Obst Auto 14', XB=9.4,9.6,16.3,16.5,2.6,2.61, RGB=-1, SURF_ID='SteelLouver'/ 
&OBST ID='Obst Auto 15', XB=9.4,9.6,20.5,20.7,2.6,2.61, RGB=-1, SURF_ID='SteelLouver'/ 
 
&HOLE ID='Exterior door', XB=6.0,6.8,23.1,23.4,0.0,2.0, / 
&HOLE ID='Hole Auto 0', XB=5.79,5.91,20.1,20.9,0.0,2.0/ 
&HOLE ID='Hole Auto 1', XB=5.79,5.91,3.0,3.8,0.0,2.0/ 
&HOLE ID='Hole Auto 2', XB=6.99,7.11,1.7,2.5,0.0,2.0/ 
&HOLE ID='Hole Auto 3', XB=6.99,7.11,5.2,6.0,0.0,2.0/ 
&HOLE ID='Hole Auto 4', XB=6.99,7.11,8.6,9.4,0.0,2.0/ 
&HOLE ID='Hole Auto 5', XB=6.99,7.11,11.8,12.6,0.0,2.0/ 
&HOLE ID='Hole Auto 6', XB=6.99,7.11,15.0,15.8,0.0,2.0/ 
&HOLE ID='Hole Auto 7', XB=6.99,7.11,20.0,20.8,0.0,2.0/ 
 
&VENT ID='Deck below', XB=0.0,12.0,0.0,23.2,0.0,0.0, SURF_ID='Steel_void'/ 
&VENT ID='Deck above Corridor', XB=5.8,6.2,0.0,23.2,2.8,2.8, SURF_ID='Steel_void'/ 
&VENT ID='Deck above', XB=6.5,7.0,0.0,23.2,2.8,2.8, SURF_ID='Steel_void'/ 
&VENT ID='Vent Auto 0', XB=6.2,6.5,0.0,11.3,2.8,2.8, SURF_ID='Steel_void'/ 
---------------------------------------------------- 
Additional vents are defined here  
----------------------------------------------------  
&VENT ID='Cabin3 air outlet', XB=12.0,12.0,9.9,10.1,2.4,2.6, SURF_ID='HVAC'/ 
&VENT ID='Cabin4 air outlet', XB=12.0,12.0,13.1,13.3,2.4,2.6, SURF_ID='HVAC'/ 
&VENT ID='Cabin5 air outlet', XB=12.0,12.0,16.3,16.5,2.4,2.6, SURF_ID='HVAC'/ 
&VENT ID='Cabin6 air outlet', XB=12.0,12.0,20.5,20.7,2.4,2.6, SURF_ID='HVAC'/ 
 
&HVAC ID='CDroom_door_leak', TYPE_ID='LEAK', VENT_ID='CDroom_door_room', 
VENT2_ID='CDroom_door_corr', AREA=0.023, LEAK_ENTHALPY=.TRUE.,/ 
&HVAC ID='Cabin1_door_leak', TYPE_ID='LEAK', VENT_ID='Cabin1_door_room', 
VENT2_ID='Cabin1_door_corr', AREA=0.023, LEAK_ENTHALPY=.TRUE.,/ 
---------------------------------------------------- 
Additional HVAC components are defined here  
----------------------------------------------------  
&HVAC ID='Amb_nodeOut_Cabin6', TYPE_ID='NODE', AMBIENT=.TRUE., DUCT_ID='OutletDuct_Cabin6', 
LOSS=1.0,1.0, XYZ=12,20.6,2.5/ 
&HVAC ID='Air_outlet_node_Cabin6', TYPE_ID='NODE', VENT_ID='Cabin6 air outlet', 
DUCT_ID='OutletDuct_Cabin6', LOSS=1.0,1.0/ 
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&SLCF PBZ=1.51, QUANTITY='PRESSURE ZONE', CELL_CENTERED=.TRUE./ 
&SLCF PBZ=1.5, QUANTITY='TEMPERATURE'/ 
&SLCF PBZ=1.5, QUANTITY='VISIBILITY'/ 
&SLCF PBZ=1.5, QUANTITY='VOLUME FRACTION', SPEC_ID='OXYGEN'/ 
---------------------------------------------------- 
Additional slice results are defined here  
----------------------------------------------------  
&SLCF PBY=21.6, QUANTITY='VOLUME FRACTION', SPEC_ID='SOOT'/ 
&SLCF PBY=21.6, QUANTITY='VOLUME FRACTION', SPEC_ID='PROPANE'/ 
&SLCF PBY=21.6, QUANTITY='VELOCITY', VECTOR=.TRUE./ 
&SLCF PBZ=1.5, QUANTITY='PRESSURE', CELL_CENTERED=.TRUE./ 
 
&DUMP DT_BNDF=60.0,  
   DT_DEVC=10.0,  
   DT_HRR=10.0,  
   DT_PL3D=300.0,  
   DT_SLCF=20.0,  
   NFRAMES=120/ 
 
&RAMP ID='Rockwool_K', T=0 , F=0.0340 / 
&RAMP ID='Rockwool_K', T=200 , F=0.0572 / 
&RAMP ID='Rockwool_K', T=400 , F=0.0950 / 
&RAMP ID='Rockwool_K', T=600 , F=0.1539 / 
&RAMP ID='Rockwool_K', T=800 , F=0.2401 / 
&RAMP ID='Rockwool_K', T=1000 , F=0.3597 / 
&RAMP ID='Rockwool_K', T=1200 , F=0.5190 / 
&RAMP ID='Rockwool_K', T=1400 , F=0.7243 / 
&RAMP ID='Rockwool_K', T=1600 , F=0.9818 / 
&RAMP ID='StSteel_EC3_KS', T=0 , F=14.60 / 
&RAMP ID='StSteel_EC3_KS', T=200 , F=14.73 / 
&RAMP ID='StSteel_EC3_KS', T=400 , F=14.85 / 
&RAMP ID='StSteel_EC3_KS', T=600 , F=14.98 / 
&RAMP ID='StSteel_EC3_KS', T=800 , F=15.11 / 
&RAMP ID='StSteel_EC3_KS', T=1000 , F=15.24 / 
&RAMP ID='StSteel_EC3_KS', T=1200 , F=15.36 / 
&RAMP ID='StSteel_EC3_KS', T=1400 , F=15.49 / 
&RAMP ID='StSteel_EC3_KS', T=1600 , F=15.62 / 
&RAMP ID='StSteel_E3_CP', T=0 , F=0.4500 / 
&RAMP ID='StSteel_E3_CP', T=50 , F=0.4633 / 
&RAMP ID='StSteel_E3_CP', T=100 , F=0.4752 / 
&RAMP ID='StSteel_E3_CP', T=150 , F=0.4859 / 
&RAMP ID='StSteel_E3_CP', T=200 , F=0.4954 / 
&RAMP ID='StSteel_E3_CP', T=250 , F=0.5039 / 
&RAMP ID='StSteel_E3_CP', T=300 , F=0.5114 / 
&RAMP ID='StSteel_E3_CP', T=350 , F=0.5181 / 
&RAMP ID='StSteel_E3_CP', T=400 , F=0.5240 / 
&RAMP ID='StSteel_E3_CP', T=450 , F=0.5293 / 
&RAMP ID='StSteel_E3_CP', T=500 , F=0.5340 / 
&RAMP ID='StSteel_E3_CP', T=550 , F=0.5383 / 
&RAMP ID='StSteel_E3_CP', T=600 , F=0.5422 / 
&RAMP ID='StSteel_E3_CP', T=650 , F=0.5459 / 
&RAMP ID='StSteel_E3_CP', T=700 , F=0.5494 / 
&RAMP ID='StSteel_E3_CP', T=750 , F=0.5528 / 
&RAMP ID='StSteel_E3_CP', T=800 , F=0.5564 / 
&RAMP ID='StSteel_E3_CP', T=850 , F=0.5600 / 
&RAMP ID='StSteel_E3_CP', T=900 , F=0.5640 / 
&RAMP ID='StSteel_E3_CP', T=950 , F=0.5683 / 
&RAMP ID='StSteel_E3_CP', T=1000 , F=0.5730 / 
&RAMP ID='StSteel_E3_CP', T=1050 , F=0.5783 / 
&RAMP ID='StSteel_E3_CP', T=1100 , F=0.5842 / 
&RAMP ID='StSteel_E3_CP', T=1150 , F=0.5909 / 
&RAMP ID='StSteel_E3_CP', T=1200 , F=0.5985 / 
&RAMP ID='StSteel_E3_CP', T=1250 , F=0.6070 / 
&RAMP ID='StSteel_E3_CP', T=1300 , F=0.6166 / 
&RAMP ID='StSteel_E3_CP', T=1350 , F=0.6273 / 
&RAMP ID='StSteel_E3_CP', T=1400 , F=0.6393 / 
&RAMP ID='Burner_towels_RAMP_Q', T=0.00 , F=0.00 / 
&RAMP ID='Burner_towels_RAMP_Q', T=10.00 , F=0.00 / 
&RAMP ID='Burner_towels_RAMP_Q', T=40.00 , F=0.0250 / 
&RAMP ID='Burner_towels_RAMP_Q', T=70.00 , F=0.1000 / 
&RAMP ID='Burner_towels_RAMP_Q', T=100.00 , F=0.2250 / 
&RAMP ID='Burner_towels_RAMP_Q', T=130.00 , F=0.4000 / 
&RAMP ID='Burner_towels_RAMP_Q', T=160.00 , F=0.62 / 
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&RAMP ID='Burner_towels_RAMP_Q', T=190.00 , F=0.90 / 
&RAMP ID='Burner_towels_RAMP_Q', T=200.00 , F=1.00 / 
&RAMP ID='Burner_towels_RAMP_Q', T=510.00 , F=1.00 / 
&RAMP ID='Burner_towels_RAMP_Q', T=520.00 , F=0.98 / 
&RAMP ID='Burner_towels_RAMP_Q', T=580.00 , F=0.87 / 
&RAMP ID='Burner_towels_RAMP_Q', T=640.00 , F=0.77 / 
&RAMP ID='Burner_towels_RAMP_Q', T=700.00 , F=0.69 / 
&RAMP ID='Burner_towels_RAMP_Q', T=760.00 , F=0.61 / 
&RAMP ID='Burner_towels_RAMP_Q', T=820.00 , F=0.54 / 
&RAMP ID='Burner_towels_RAMP_Q', T=880.00 , F=0.4790 / 
&RAMP ID='Burner_towels_RAMP_Q', T=940.00 , F=0.4249 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1000.00 , F=0.3768 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1060 , F=0.3342 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1180 , F=0.2629 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1300 , F=0.2068 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1420 , F=0.1627 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1540 , F=0.1280 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1660 , F=0.1007 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1780 , F=0.0792 / 
&RAMP ID='Burner_towels_RAMP_Q', T=1900 , F=0.0623 / 
&RAMP ID='Burner_towels_RAMP_Q', T=2140 , F=0.0385 / 
&RAMP ID='Burner_towels_RAMP_Q', T=2380 , F=0.0238 / 
&RAMP ID='Burner_towels_RAMP_Q', T=2620 , F=0.0148 / 
&RAMP ID='Burner_towels_RAMP_Q', T=2860 , F=9.1317310E-003 / 
&RAMP ID='Burner_towels_RAMP_Q', T=3100 , F=5.6505640E-003 / 
&RAMP ID='Burner_towels_RAMP_Q', T=3340 , F=3.4964750E-003 / 
&RAMP ID='Burner_towels_RAMP_Q', T=3610 , F=0.00 / 
 
&DEVC ID='Tgas_Laundry1_z55cm', XYZ=0.5,22.7,0.55 IOR=0 QUANTITY='TEMPERATURE'/ 
&DEVC ID='Tgas_Laundry1_z105cm', XYZ=0.5,22.7,1.05 IOR=0 QUANTITY='TEMPERATURE'/ 
&DEVC ID='Tgas_Laundry1_z155cm', XYZ=0.5,22.7,1.55 IOR=0 QUANTITY='TEMPERATURE'/ 
&DEVC ID='Tgas_Laundry1_z205cm', XYZ=0.5,22.7,2.05 IOR=0 QUANTITY='TEMPERATURE'/ 
---------------------------------------------------- 
Additional devices are defined here  
----------------------------------------------------  
&DEVC ID='Vdot_Vent2_Corridor', XB=6.3,6.5,23.2,23.2,2.4,2.6 QUANTITY='VOLUME FLOW WALL', IOR=-2/ 
&DEVC ID='Mdot_Cvent_Corridor', XB=6.2,6.5,11.3,11.6,2.8,2.8 QUANTITY='MASS FLOW WALL', IOR=-3/ 
&DEVC ID='Mdot_Vent1_Corridor', XB=6.3,6.5,0.0,0.0,2.4,2.6 QUANTITY='MASS FLOW WALL', IOR=2/ 
&DEVC ID='Mdot_Vent2_Corridor', XB=6.3,6.5,23.2,23.2,2.4,2.6 QUANTITY='MASS FLOW WALL', IOR=-2/ 
 
&BNDF QUANTITY='WALL TEMPERATURE'/ 
&BNDF QUANTITY='BACK WALL TEMPERATURE'/ 
&BNDF QUANTITY='ADIABATIC SURFACE TEMPERATURE'/ 
&BNDF QUANTITY='BURNING RATE'/ 
 
&TAIL / 
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5. Conclusions 
The validation of the various numerical tools implemented in RamSeries to aid in the design and 
analysis of large length ships in composite materials has been addressed in this document. First, 
basic benchmarks were successfully conducted to validate essential components of the FEM 
software suite as for instance the enriched (drilling rotations) triangular elements of RamSeries or 
the advanced RoM/SP-RoM constitutive model for composite materials. The results of these 
benchmarks show that this enriched element and the standard bilinear quadrilateral element offer 
a similar performance. This feature makes this element a key cornerstone for the development of 
optimal and accurate numerical tools for the analysis of full-scale ship models while considering 
dynamic non-linear phenomena. On the other hand, full-scale models have been also addressed 
to validate some of the numerical procedures proposed for the structural health monitoring of 
large length ships and for the collapse assessment of FRP-based structures. In this sense, some 
limitations and drawbacks in the joint use of numerical tools and experimental data for the real-
time monitoring and damage assessment of large length ships have been identified. However, the 
validation work undertaken for these models has provided valuable information allowing to 
propose corrective measures from both, the experimental and the numerical points of view. In 
this sense, the complexity in the analysis of the data gathered during the experimental campaign 
on board of the ZIM Luanda revealed that a more accurate description of the sea state navigation 
conditions may be required for the numerical models being able to reproduce the dynamic 
behaviour of the vessel. Also, accurate values for the center of gravity and radius of gyration of 
the ship must be assessed to be used as input of the numerical tools, which also require an 
accurate calibration of damping effects. In addition, a comparison of the vibration test results 
against the predictions of the iFEM numerical tool also suggest that a very high precision during 
the measurement of the natural frequencies may be necessary to ensure the feasibility of the use 
of the iFEM tool in the damage assessment of composite structures. Full-scale validations also 
allowed to successfully assess the performance of a new hydro-elastic solver, exhibiting a very 
large improvement in the computational velocity and thus confirming the feasibility of using this 
strong coupling modelling strategy for the direct dynamic analysis of ships in real sea state 
conditions. Finally, the full-scale fire test performed in WP7 has been successfully used to validate 
the collapse assessment model implemented in RamSeries. The results suggest that this collapse 
assessment model constitutes a reliable tool that enhances the capabilities of the experimental 
methods since it is not limited by any fire security protection measure. Because of this, it can be 
used to analyse the behaviour of the structures until their collapse and far beyond the point where 
the experiments must be stopped due to security reasons. 
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