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Abstract 

Background/Objectives: The relevance of this research is 

determined by the necessity of ensuring passive safety of a 

superstructure made of composite materials; therefore, 

determination of safety of a superstructure made of composite 

materials in operation is the objective of this research. 

Methods: Strain-stress simulation of a superstructure made of 

composite materials under dynamic and static action of 

external factors, using Computer aided engineering, is the 

basic approach to investigation of this problem. Findings: 

Dynamic and static test models have been justified as a result 

of development of a passive safety testing technique for a 

superstructure made of composite materials and designed for a 

hydrofoil passenger ship as follows: superstructure model 

simplification, setting effective material characteristics and 

border-line and initial test conditions. 

Improvements/Applications: This technique can be applied 

to passive safety testing of passenger river crafts of all types.  

Keywords: Superstructure, Composite Material, Strain-Stress 

State, Impact Loads, Simulation 

 

INTRODUCTION 

Researchers conducted a lot of research related to passive 

safety assurance. Investigations of automobile systems, 

aiming at assurance of passive safety of pedestrians,1 

investigations of passive safety of eclectic buses,2 

investigation and development of structural elements of 

vehicles to ensure passive safety,3-4 investigations of passive 

safety systems of collision hazard warning (PCCW or 

improved PCCW-(EPCCW)5 were done in automotive 

engineering. 

Investigations of laser intensity as the basis for developing 

passive safety barriers were done in optic engineering.6 

Investigations of passive safety of water-bearing radiators7 

and investigations of passive safety systems in boiling 

reactors8-9 were carried out in nuclear engineering. 

Challenges of safe landing of a remotely-operated vehicle 

were studied in air craft engineering.10 

A lot of shipbuilding research was done as well. For example, 

investigation of dynamic stability of ships,11 which involved 

analysis of behavior (stability and soundness) of ships on big 

and small sea waves. Assurance of stability, safety, 

functionality and estimation of stability and floating stability 

under the combined external action of waves and the wind 

was the key idea of investigation of fishing boats.12-14  

Overall safety of a ship may be considered a quality that 

depends on a number of factors, such as technical safety, 

navigational safety, ergonomic safety, environmental safety, 

and passive safety. Technical safety means safety of a ship as 

a technical system, safety of a managed movable element with 

navigational safety, safety of the machine environment with 

ergonomic safety, safety for the environment with 

environmental safety, and safety of the intended use of the 

ship with technological safety.15  

Thus, the ship is considered safe, provided it meets all the 

above ship safety components. Each component of this 

structure is an independent criterion and requires its own 

testing. Static analysis of accidents is necessary for the 
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reliable estimation of passive safety of a passenger ship in 

order to identify most typical cases.  

Passive safety of a ship is a combination of structural and 

operational properties aiming at mitigating the severity of 

consequences of incidents and accidents.16 Passive safety is 

primarily determined by the structure of the ship and 

superstructure, and physical and mechanical properties of the 

materials used, i.e. polymer composite materials [PCM]. One 

may lay down five basic indicators of passive safety of a ship: 

ship structure deformation in frontal collision, ship structure 

deformation in lateral collision, deformation in tripping, 

tightness in tripping and flammability. 

 

CONCEPT HEADINGS  

This research aims at development of determination 

techniques for passive safety of operation of a superstructure 

made of composite materials. 

Passive safety investigation techniques for passenger river 

crafts may be divided into experimental and calculation 

techniques. Experimental techniques mean expensive full-

scale tests of full-scale structures. Calculation techniques are 

designed to simulate a scenario of actual accidents. 

Due to the fact that water transport regulatory bodies do not 

impose any requirements to passive safety testing of 

passenger ships and superstructures in particular,17 a test 

technique was developed for passenger ship superstructures 

made of composite materials. A test technique that is 

applicable to trucks was used as the basis. This technique is 

based on the requirements stipulated in GOST R 41.29-9919 

(identical to UNECE Regulations No 29) and VVFS 

2003:29.20 

Therefore, accidents of river ships are reduced to the 

following basic model types of testing: frontal collision with a 

pendulum, static vertical loading, lateral collision with a 

pendulum and fire safety testing.  

The first three types of test imply testing of a full-scale 

structure model, and maximum deformations in impact or 

static load will be test data. Samples of various materials that 

may be used for manufacture of a hydrofoil passenger ship 

superstructure will undergo fire resistance tests. Fire 

resistance testing includes smoke detection, heat detection and 

material flammability determination. 

Test of the first type involves a frontal collision with a rigid 

cylindrical pendulum with its diameter of d=600 mm and 

length of l=2,500 mm on an immobile fixed passenger ship 

superstructure. Initial speed of V=3.42 m/sec that corresponds 

to the required energy at the time of impact of Ek=5.88 kJ is 

given to the pendulum that is chained at the distance of 

L=3,500 mm from the axis of rotation. 

Test of the second type involves static loading with a flat plate 

with its typical dimensions of 3,000x1,500x200. The rigid 

plate puts vertical pressure onto the spring-loaded passenger 

ship superstructure with the force of P1 that is equal to the full 

load displacement weight of the ship. Full load displacement 

means the amount of water that is displace by the underbody 

with fuel, lubricator and fresh water tanks full, and with cargo 

and passengers.21 Therefore, a case of the ship tripping is 

simulated. 

Test of the third type simulates a case of board collision. 

Board collision may occur in ships that are moored to a pier or 

other ships. Because of intense waves, the moored ship may 

be thrown by the wave onto the pier or other moored ship. 

Test of the third type involves a lateral collision with a rigid 

pendulum with its diameter of d=600 mm and length of 

l=2,500 mm on the lateral side of the passenger ship 

superstructure. The pendulum is suspended from rigid bars 

with the axis of rotation. This suspension is necessary for the 

lateral collision of the pendulum to simulate completely a 

collision of a moored ship and the pier. Initial speed of 

V=3.42 m/sec that corresponds to the required energy at the 

time of impact of Ek=5.88 kJ is given to the pendulum that is 

chained at the distance of L=3,500 mm from the axis of 

rotation. 

Estimation of fire properties of materials was is one of crucial 

tasks of passive safety estimation of a passenger ship 

superstructure. Fire hazard of polymer materials means their 

propensity to inflammation, propagation of fire and effects, in 

particular smoke and toxic combustion products. 

Combustibility of polymers is a complex process, which is 

accompanied by heat production and mass transfer. Major 

factors that affect inflammation of any material are thermal 

stability, coke value and calorific value.22 

Due to lack of requirements of naval regulations and 

procedures of investigation rests of passenger vehicle 

superstructures, fire safety estimation was done according to 

the regulations and procedures that are applicable to aviation 

materials. 

Therefore, three types of investigation tests of samples of 

superstructure materials, were compiled:23  

- smoke detection according to the requirements of the 

aviation rules FAR-25 with simultaneous measurement 

of concentration of three gases (Annex F part V); 

- determination of heat production in combustion 

according to the requirements of the aviation rules 

FAR-25 (Annex F part IV); and 

- determination of combustibility according to the 

requirements of the aviation rules FAR-25, 27, 29 

(Annex F part I).24  

Smoke detection tests for marine-grade polymer materials 

must be conducted in accordance with tests associated with 
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determination of smoke-generating capacity of aircraft-grade 

materials, and the latter are conducted in accordance with the 

requirements of GOST 24632-8125 (ASTM 814 – similar 

international standard) in a smoke chamber that is similar to 

ASTM E662, NFPA 258. These tests are done on samples 

with their typical dimensions of 75x75 mm. Heat flow that 

acts on the sample surface is 25 kW/m2. The test itself is 

conducted under combustion and pyrolysis conditions. Optic 

density values of the smoke produced by the sample relative 

to the exposed area of the sample for 2 minutes, 4 minutes and 

that are maximum possible in experiment are test data.23  

Specific optic density of the smoke Dspec is calculated as: 

 

0lg ,spec
IVD

S L I



 

(1) 

 

where V is working chamber volume, S is exposed sample 

surface, L is light path length, I0 and I are values that 

correspond to the intensity of the light flow at the beginning 

and at the time of testing, accordingly. 

Maximum specific optic density of the smoke Dmax, specific 

optic density of the spoke for the 2-4 minute test period are 

calculated as: 
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where Imin is a measure that corresponds to maximum light 

flow intensity throughout the test, and  I2, I4 are measures that 

correspond to light flow intensity attenuation for the 2-4 

minute test period. 

Time t16 that corresponds to Dspec =16 is determined from the 

diagram of Dspec=f(t). 

Maximum smoke production rate is determined by the largest 

value of tangent slope of the line Dspec = f(t) on the section 

of maximum optic smoke density increment per minute. 

Average smoke production rate Kav is calculated as: 
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where t0.9, t0.7, t0.5, t0.3, t0.1 is time of corresponding values 

0.9Dm, 0.7Dm, 0.5Dm, 0.3Dm, 0.1Dm, which are determined 

graphically from the dependence of Dspec = f(t). 

Smoke transparency index (Utransp) is calculated as: 

16100

m av
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D KU
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 , 
(4) 

Mass optic smoke density Dm is calculated as: 

0lgm
IVD

m L I




, 
(5) 

where m is loss of sample weight in grams, which is 

calculated as: 

1 2m m m  , (6) 

where m1 is sample weight before the tests [g]; m2 is weight 

after the tests [g].25 

In order to determine the amount of heat produced in 

combustion, a flow calorimeter of the OSU type is used 

(ASTM E906, configuration А). Samples with their 

dimensions of 150x150 mm must be provided for these tests 

with the heat flow with intensity of 35 kW/m2 acting on such 

samples. The sample is burned from below with the burner 

flame and thermal degradation products are burned 

completely in the burner flame. Input and output temperature 

is monitored with a multi-junction thermal detector 

(thermocouples similar to the XA type). Heat release intensity 

at any time with the interval of 1 sec is calculated using the 

calibration factor according to temperature change of effluent 

gases. Duration of the experiment is 5 minutes. Test data are 

maximum heat release intensity (kW/m2) and total amount of 

heat released for the first 2 minutes (kW·min/m2).24 

Passive safety test is successful, provided the deformed 

structure meets the following requirements upon test 

completion: maximum deformations of structural members 

and nodes do not lead to complete destruction of the structure; 

there is still enough room left after the tests for 

anthropometric dummies not to come into any contract with 

fixed parts of the passenger ship superstructure. The sufficient 

living space is ensured by impact-strength characteristics and 

rigidity of structural elements of the composite superstructure.  

Complete destruction means destruction of the structure and 

all its members and parts leading to death of the crew and 

passengers. As long as the passenger ship superstructure is 

made of the three-layer composite material, complete 

destruction is stated occurring exclusively in case, when the 

structure can no longer be recovered. 

Provided the above criteria regarding test data have been met 

successfully, the hydrofoil passenger ship superstructure may 
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be placed in operation and may be considered the structure 

that passed passive safety tests. 

If any criteria that contribute to the positive outcome are not 

satisfied, structural elements are analyzed thoroughly to 

identify any areas of low rigidity and high fragility. If any 

defects are identified, additional development of the 

manufacturing technology is done. If the destruction occurred 

to no fault of defects of manufacture, additional development 

of carcass members is done at the model development stage. 

 

METHOD 

Analyzing the Design of a Hydrofoil Passenger Ship 

Superstructure : 

The structure of the superstructure under consideration is a 

sheath made of 16 mono-layers of fiber glass plastic, based on 

Т11-GVS-9 glass fiber as per GOST 19170-2000 and binding 

agent PN-609-21М as per GOST 27952-88 and a layer of 

foam plastic Divinycell H60 (Figure 1a). Models of 

destructions processes of items made of PCM may 

demonstrate different completeness and precision, as long as 

they may rely exclusively on border-line conditions, energy 

criteria, or may account for kinetics of the destruction 

processes and varying extent of destruction progress and 

many other things.26 A multi-layer anisotropic structure model 

was considered in this research for calculation of the strain-

stress state as a solid superstructure model of varying thikness 

and with effective characteristics (Figure 1b). Effective 

(technical) characteristics of a multi-layer packing were 

priorly calculated, based on the traditional theory of layered 

plates,27 for the model calculation. This simplification saves a 

lot of calculation time and simplifies the finite element model 

itself (Figure 2). Moreover, the superstructure model was 

simplified for the calculation of the strain-stress state by 

excluding fine parts, windows, inserts, brackets and fixtures to 

attach the superstructure to the ship body from the model. 

 

 

 

а) –  detailed layered model, cross-section is magnified 

b) – simplified solid model, cross-section is magnified 

Figure 1. Detailed layered model and simplified solid model of passenger ship superstructure 
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Figure 2. Finite element mesh in the volume of superstructure model under dynamic load 

 

Simulating Strain-Stress State: 

For evaluation of passive safety of a passenger ship 

superstructure made of polymer composite materials, finite 

element simulation of the strain-stress state of the structure is 

required to identify any troubles and defects of the structure at 

early design stages and eliminate such troubles and defects 

without any big financial costs. 

The finite element analysis is the basic technique of modern 

construction engineering that most cutting-edge software 

suites designed for computer-assisted calculations of 

engineering structures rely on.28  

Simulation analysis (finite element technique) starts with 

discretization of items under investigation and dividing them 

into mesh cells, i.e. finite elements. Dividing any items into 

finite elements is the biggest challenge of the finite element 

technique due to sophisticated partitioning of 3D bodies of 

complex geometry. Partitioning of the body into finite 

elements is followed by ensembling. Ensembling is a process 

of assembling or cross-linking of finite elements into an 

integrated finite element mesh. Due to object model of the 

structure under investigation having a great number of degrees 

of freedom, the object is replaced in formation of finite 

element mesh by a discrete model of interconnected elements 

with a finite number of degrees of freedom. Approximation of 

the area and selection of a discrete model is then done. 

Approximation of the continuous medium according the finite 

element technique involves the following: 

 the area under investigation is divided into a certain 

number of finite elements; 

 it is assumed that finite elements are interconnected 

in a finite number of points or nodes that are located 

at each element; 

 a polynomial approximant is set for each finite 

element.28 

Approximation of the continuous medium mainly gives us an 

approximate description of the current distribution of 

unknown quantities in the element, therefore, structure 

calculation data are overall approximate. Approximation and 

data and errors are associated with a number of errors of the 

finite element technique: 

 discretization errors; 

 approximation errors. 

Discretization errors occur due to discrepancies between the 

actual geometry of the calculated area and approximated finite 

element system. Errors may be diminished by increasing the 

number of finite elements and decreasing the size of the finite 

element accordingly. The error may also be minimized by 

using curved elements on the borders of corresponding areas. 

Approximation errors are associated with the difference 

between the actual distribution of unknown functions within 

the finite elements and their presentation with the help of 

approximating functions.28  

Approximation errors that occur in formation of the finite 

element mesh can be minimized, provided the following: 

 continuity of the unknown function and its rates of 

change, when crossing the finite element border to the 

order of m-1, where m is the greatest order of the rates of 

change of the unknown function comprising the 

functional; 

 satisfying completeness conditions, i.e. with the 

decreasing sizes of finite elements, approximating 

functions must ensure that values and rates of change of 

the unknown function tend to constant values; 

 satisfying compatibility conditions of the unknown 

function and partially rates of change of such function 

on the border between adjacent elements; 

 close satisfaction of compatibility conditions of non-

basic variables on borders of finite elements, and border-

line conditions in the area under consideration; 

 excluding concentrated strains in finite elements, if such 

concentrations are not obvious in the area under 

consideration; and 

 no deformations may occur in displacement of finite 

elements as a rigid whole.28 
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 Despite errors that occur in formation of the finite 

element mesh and calculation of item simulation, the 

finite element technique has a number of advantages 

over other engineering analysis systems. These 

advantages include:  

 possible application of properties of several materials to 

a single body; 

 possible simulation of items of sophisticated geometry 

thanks to curved elements; 

 possible increase or decrease of the partitioning mesh of 

the area into elements thanks to variable element sizes; 

 all the above advantages of this technique may be used 

for developing a general program for solving specific 

problems of a certain class. 

The major disadvantage of the finite element technique is the 

necessity to develop computation programs and use 

computers. All problems that are solved with the help of the 

finite element technique may be done analytically; however, 

manual calculation is lengthy and difficult, even for simple 

problems. Thus and so, the finite element technique is a 

resource-intensive and less energy-intensive method of 

simulation model calculation.28  

A single static scheme and two dynamic schemes of loading a 

hydro-foil passenger ship superstructure were developed for 

the simulation (Figures 3 to 4), and fixing points of the 

structure are marked with section lining in these figures, P is 

static vertical load, Ek, Ek1  are kinetic energies of 

pendulums at the moment of frontal and lateral collision, 

Vk, Vk1 are oscillation speeds of pendulums at the 

moment of frontal and lateral collision, accordingly. 

Loading with a rigid cylindrical pendulum simulating possible 

accidents of a passenger ship in actual operation was taken as 

the dynamic load leading to deformation of the superstructure 

model. Kinetic energy at the moment of impact of Ek=5.8 kJ 

and corresponding oscillation speed of Vk=3.4 m/sec was set 

within the model of the rigid cylindrical pendulum for the 

frontal dynamic collision. Kinetic energy is Ek1=4.9 kJ and 

corresponding oscillation speed is Vk1=1.4 m/sec for the 

lateral collision. 

 The following parameters were set for the frontal collision: 

pendulum diameter df = 0.6 m; length lf= 1.5 m; weight 

mf=1,000 kg; for the lateral collision– dl = 0.6 m, ll = 13.5 м 

and ml = 5,400 kg.  

 

Figure 3. Loading pattern of passenger ship superstructure for 

static vertical loading 

Static vertical loading with a flat plate with its dimensions of 

3,000x3,000x200 mm was simulated for the static load. 

According to calculation data, static vertical load was 

P=150 kN. 

 

 

Figure 4. Loading pattern of passenger ship superstructure at frontal collision with a cylindrical pendulum. 
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Figure 5. Loading pattern of passenger ship superstructure at lateral collision with a cylindrical pendulum. 

 

A finite element mesh was build up as part of solution of the 

original problem in the volume of models of superstructures, 

rigid cylindrical pendulums and a rigid flat plate, using a 

customized technique (Figure 2). 

Element size of such mesh was 40 mm. A more detailed mesh 

was built up in the sections of the structural volume that are 

loaded most in impact, using a customized technique, which is 

necessary for more precise tracking of maximum 

deformations and possible destructions of structural elements. 

Element size of such mesh was 5 mm. A mesh was built up in 

the volume of impact items (rigid cylindrical pendulums and a 

flat rigid plate), using an automated design method. The 

number of finite elements in all models was not more than 

55,000, which allowed for simulating with an acceptable 

counting speed. 

 

RESULTS 

Analyzing Calculation Data : 

A model of vertical statical loading with a flat plate was taken 

as an illustration of the strain-stress state of the superstructure 

model under load (Figure 6). Strain-stress state analysis 

involved evaluation of passive safety of the superstructure 

made of PCM, i.e. check of the residual space in the cabin 

volume after the impact. Maximum plate displacement was 4 

mm and it was determined that there is still enough room left 

after the tests in the superstructure for the crew to stay there, 

while coming to no contact with deformed structural 

members. Maximum local strains that occurred in structural 

members of the superstructure are not sufficient to destruct the 

structure. 

 

 

MPa 

Figure 6. Graphic presentation of stress distribution in the 

volume of simulating superstructure model under static 

vertical load 

 

Analysis of calculation data for simulation models of dynamic 

and lateral collision with cylindrical pendulums was also 

done. Analysis data are presented in strains and displacements 

diagrams (Figures 7 and 8).  

 

- Maximum strains, σ [MPa]       - Time, τ 10-3 [sec] 

- frontal collision         - lateral collision 

Figure 7. Diagram. Maximum strains in passenger ship 

superstructure members and time at frontal and lateral 

collisions. 
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 – Maximum displacements, δ [mm]      - Time, τ 10-3 [sec]      

- frontal collision           - lateral collision 

Figure 8. Maximum displacements of passenger ship 

superstructure members and time at frontal and lateral 

collisions. 

 

CONCLUSION 

This research deals with passive safety of a hydrofoil 

passenger ship superstructure. Research data are unique, as 

long as no research has ever been done to that matter that 

would be so detailed and comprehensive. This subject matter 

has not been explored globally; therefore, this research is 

relevant. 

Data that were obtained in research show that strains 

occurring do not exceed 200 MPa and do not lead to 

destruction, while displacements of structural members are 

604 and 205 mm for frontal and lateral dynamic impact, 

accordingly. Displacement data leave a lot of room for 

passengers and the crew to be in the substructure, while 

coming to no contact with deformed superstructure elements. 

The following models of dynamic and static tests were 

justified as a result of development of passive safety test 

technique for a superstructure made of composite materials 

and designed for a hydrofoil passenger ship: superstructure 

model simplification, setting effective material characteristics 

and border-line and initial test conditions. A number of 

conclusions were obtained as a result of strain-stress state 

calculation for simulation models, using the finite element 

analysis: 

1. Maximum strains that occur in structural members in 

simulation passive safety tests do not lead to 

structure destruction. 

2. Maximum structural member displacements are 600 

mm for the frontal collision, 242 mm for the lateral 

collision, and 4 mm for the vertical static loading. 

These displacements leave a lot of room for 

passengers and the crew to be in the substructure, 

while coming to no contact with deformed 

superstructure elements.  

3. According to our finite element analysis of the strain-

stress state of simulation superstructure models for 

passive safety, the superstructure will endure 

possible dynamic and static loads, thus ensuring 

safety to passengers and the crew. 
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