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Abstract 

Marine structures including floating offshore wind turbine can suffer from various types 

of repeated impact loadings. The repeated impact loadings occur from contact with floating 

objects, and from repeated impulsive pressure loadings induced by slamming, sloshing, 

green water, and explosions. For polar class vessels repeated mass impact loadings from ice 

floes need to be considered. Offshore structures including offshore wind turbines are 

subjected to repeated mass impacts from attendant vessel collisions and to repeated 

slamming impacts from wave actions. For offshore structures installed in cold region and 

polar class vessels, in addition to the repetition of impact loadings, the cold temperature 

effects on the structure responses should be taken into account. However, these effects have 

not explicitly been taken into account in relevant rules of classification societies. This thesis 

deals with the structural behaviour of ship and offshore structural components subjected to 

repeated impact loadings arising from collisions between icebergs (and/or floating objects) 

and marine structures, as well as slamming and explosions. The focus is given to repeated 

mass impact response of single steel beam, steel grillage and plate as well as repeated 

dynamic impulsive loadings on unstiffened and stiffened plates. 

Relevant experimental data of small-scale, welded ships and offshore structural 

components are compiled. A series of the single and repeated impact tests are performed on 

single beam and steel grillage models. These test data will be useful for future benchmarking 

of numerical and simplified prediction methods for repeated impact response of similar 

structures. The experiments are described in detail including the test conditions, exact 

material properties and the method to explore repeated impact response of the tested models. 

Numerical models based on finite element method are developed, and comparative analysis 

of experiments is conducted. Repeated impact response and deformation behaviour are 

assessed based on the detailed results obtained through numerical analysis. The most 

important data utilised is an evolution of deflections and strain histories. The permanent 

deflections of the tested models and the impact forces were increased when the structure was 
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repeatedly impacted. However, the increment of deflection and impact durations were 

gradually decreased with the number of impacts. Further analyses covering various cases 

and conditions are performed, and general findings are summarised. In addition, simple yet 

reliable formulae for prediction of permanent deflection evolution of marine structural 

components were empirically derived based on the results of the rigorous parametric study. 

Based on the energy conservation method, the simplified analytical method was 

developed to evaluate the effect of repeated mass impacts on the response of steel structures 

at room and low temperature. This method was substantiated with the test results and was 

also compared to the numerical predictions. Nevertheless, considering the large uncertainty 

associated with structural impact problems, the proposed method may be interpreted to be 

reasonable agreement indicating its simplicity. 
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Chapter 1 

Introduction 

1.1 Background and motivation 

Exploiting and producing oil and gas have been started early in the Arctic as the potential 

resource area in the late 1970s. To get higher profit and reduce transportation cost, all 

shipping and shipbuilding companies are much interested in the Arctic route. Nowadays, 

transportation of oil and natural gas produced from the Arctic Ocean have been demanded 

increasingly. According to the Arctic Human Development Report of all Arctic countries, 

oil and gas exploration, production and transportation would force the Arctic economic 

development shortly. 

According to the report of the U.S. Geological Survey [1] (see Fig. 1.1), about 13% of the 

world's undiscovered oil and 30% of the world’s undiscovered gas and are stored in the North 

Arctic Circle [2]. Fig. 1.1 shows Assessment Units (AU) in the Circum-Arctic Resource 

Appraisal colour coded by the assessed probability of the presence of at least one 

undiscovered oil and gas field with recoverable resources greater than 50 million barrels of 

oil equivalent. Probabilities for AUs are based on the entire area of the AU, including any 

parts south of the Arctic Circle [1]. The Arctic is viewed as the Middle East of the future. 

Oil companies have started to explore oil and gas in the Arctic area, such as the Hibernia 

field project, as early as the 1980s. More recently, in the Barents Sea, the Shtokman project 

is one of the most massive natural gas projects in the world. As expected, in the near future, 

human activities in the Arctic area would increase entirely [3]. 



2 

 

Fig. 1.1 Assessment Units (AUs) in the Circum-Arctic Resource Appraisal colour [1] 

Nevertheless, navigating routes from Western European countries to East Asia or North 

America caused by the decreasing ice extent in the Arctic are progressively obtainable (Fig. 

1.2 [4]). The travels made by MV Nordic Barents in July of 2010 was a historic voyage in 

Arctic shipping [5]. It is clear that one-third shorter distance of traditional routes can be 

reduced with these new shipping routes. Subsequently, the Arctic may grow into one of the 

busiest freight areas in the world when these routes develop into reliable [3]. 

 

Fig. 1.2 The Arctic marine area [4] 

Moreover, due to the global warming, more ice melt during the summer in the Arctic 
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region. Hence, shipping in the Arctic during the summer appears to be possible. The concept 

of Northern Sea Route has been discussed in recent years. DNV GL [6] showed the 

possibility to operate and freight in the Arctic in summer. DNV GL has set safety to estimate 

the risk for the Arctic operation, and operability index to classify the danger and risk. 

However, since shipping in the summer has increased, ship collision with icebergs increased 

accordingly. For example, Hill [7] reported iceberg collisions in Alaska, as shown in Fig 1.3. 

The monthly figures mostly fluctuate at low levels between one and three, the exception in 

August in which some summer tourists, sight-seeing vessels have come to grief. 

 

Fig. 1.3 Monthly distribution of collisions in Alaskan waters [7] 

However, probably due to the harsh environment, Arctic exploration still has challenges. 

It is necessary to be specially designed vessels to resist the ice loads in service. Nowadays, 

as stated in modern ship design codes, the principles of an ultimate limit state (ULS) and 

principles of an accidental limit state (ALS) should be applied to designing and verifying 

marine structures.  

During service life, marine structures may contact with ice floes, subsequently, and it may 

cause severe damages to ship structures and economic costs or even the sinking of the 

damaged vessels. The biggest maritime disaster in history, the Titanic, is an example of a 

casualty that is frequently mentioned. The ship collided with an iceberg and sank in 1912. 

International Maritime Organization (IMO) reported an average of 23.8 collisions per year 

with severe casualties during the last decade [8]. According to Hill’s report [7] about 370 

collisions of all types of steam and motor vessels regarding the severity of damage incurred 

in some different accident scenarios summarised in Table 1.1. He plotted the data in Table 

1.1 into Fig. 1.4 by grouping three similar scenarios together (Striking projection, glancing 

blow, concealed in waves or pack ice) and calling it indirect impact. The different hole and 

puncture types were combined into two groups, holed and punctured. The crushing of bows 
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or bow appendages such as bowsprit and figureheads were the most common result of any 

direct collision. The next most frequent damage was some serious holing. Denting from 

direct and indirect impacts were the next most common result, followed by holing by indirect 

impact and then by puncturing [7]. 

Table 1.1 Damage scenarios due to iceberg collision [7] 

Scenario description 
Total DI SP GB C G ID CO U 

Damage severity 

Sinking 65 3 0 3 5 3 4 0 47 

Large Hole 18 8 0 1 1 0 1 0 7 

Crushed 60 47 0 6 1 1 0 0 5 

Hole 53 27 3 3 6 2 1 1 10 

Puncture 26 8 1 5 3 2 0 0 7 

Small Puncture 3 0 0 0 0 2 0 0 1 

Cracks 16 6 0 3 2 0 1 0 4 

Minor Deck Damage 4 1 1 1 0 0 0 0 1 

Denting 49 16 3 16 3 4 0 1 6 

Abandoned 4 0 0 1 0 0 0 0 3 

No Damage 6 1 0 3 0 1 0 0 1 

Unknown 67 5 2 14 2 2 1 0 41 

TOTAL 371 129 10 56 23 17 8 2 133 

Note: DI denotes direct impact; SP denotes striking projection; GB denotes glancing bow; C denotes 

concealed in waves or packs ice; G denotes grounding on; ID denotes iceberg drifts onto vessel; CO 

denotes collision with another object; U denotes unknown. 

 

Fig. 1.4 Severity of damage sustained in various accident scenarios [7] 

Although collisions with ice masses are still frequent events, generally with smaller 

consequences than the Titanic. Increasing interest in Arctic operations makes the research 

on ice collisions with marine structures essential topics. It is crucial to be able to estimate 

the outcome of such events with high precision, and design crashworthy structures that can 
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withstand the likely collision events without any severe casualties. 

After the Titanic accident, the first SOLAS convention has established, the International 

Convention for Safety of Life at Sea in 1914. This convention is ratified by IMO and is still 

one of the major conventions governing design requirements for marine structures [9]. 

As mentioned above, icebergs colliding with ship structure have caused severe damage 

and economic costs. The Overseas Ohio hit an iceberg on the 2nd of January, 1994. The 

bulbous bow was ruptured, and the ballast tank was holed, as shown in Fig. 1.5. The repairing 

cost of damage to the ship was at least $1 million. 

 

Fig. 1.5 Damaged bow of Overseas Ohio after collision with iceberg, from Hill [7] 

On 21st of July, 1996, a bulk carrier Reduta Ordona hit an iceberg in Hudson Bay while 

heading for Churchill, Manitoba. Severely damaged and cracks of hull structure were 

observed, as illustrated in Fig. 1.6. 
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Fig. 1.6 Structure damage of Reduta Ordona after collision with iceberg, from Hill [7] 

More recently, on 23rd of November, 2007, a cruise ship MS Explorer hit an iceberg in the 

Bransfield Strait close to King George Island in the Southern Ocean, near the South Shetland 

Islands. Damaged hull which allowed water to enter were observed, then the ship was 

submerged entirely after damages due to iceberg impact approximately 20 hours, as shown 

in Fig. 1.7. 

 

Fig. 1.7 MS Explorer sank after hitting an iceberg, from Hill [7] 

The ice features in these collisions were small icebergs, according to Hill [7]. After the 

Titanic disaster, because of modern high-tech radar and satellite systems developed, 

collisions between marine structures and medium or bigger icebergs (with heights above sea 

level larger than 15 meters and an approximate mass larger than 2,000,000 tons) will be 

unusual. However, smaller icebergs, called as bergy bits or growlers, are quite difficult to 

detect before the collision and more difficulty of detection even in bad weather conditions. 

In fact, these collisions may result in severe damage to marine structures, especially for 

vessels that not strengthened for ice loads. 
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Also, during the service life, marine structures especially polar class vessels may be 

exposed to repeated collision impacts from ice floes. Their structural behaviours subjected 

to repeated impact loads are highly dependent not only on material properties but also on 

temperature. However, these effects are not explicitly taken into account in the current polar 

class vessel rules. 

So far, although there are many studies focusing on the ice-ship collision, they seldom 

take the repetition of loads due to contact with ice features, and low-temperature effect into 

consideration. The repeated impact phenomenon may occur during the service life of marine 

vehicles due to collisions between ships and ice features. Side marine structures may have 

to confront ice loads more than once. Impacts are events of very short duration in which the 

kinetic energy of the striking object can be dissipated due to inelastic deformation in the 

contact. Plastic deformations can accumulate if the structure is repeatedly loaded. This 

accumulation of permanent deformations depends on both the severity of loads and the 

number of load repetitions. An example of damage to a 1A classed vessel due to ice collision 

is shown in Fig. 1.8. To minimise these damage consequences, design crashworthy should 

be considerably applied to marine structures navigating in Ice water. The structural design 

of ships concerning collision requires an accurate prediction of the damage of ships under 

impact loading.  

 

Fig. 1.8 Bow damage from ice action to a 1A-classed vessel, June 2012 [10] 

In addition to damages to marine structures due to ice collisions, which may produce 

repeated mass impacts, regarding repeated possible loads acting on marine structures as 

mentioned in [11, 12] that even in a single storm shell plates of marine vessels can also be 

impacted several times due to slamming during its lifetime. However, its effects on the 

extents of damage have not been fully investigated yet. Yuhara [13] performed the repeated 
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wet drop tests on two clamped structural bow model made of 9 mm mild steel, and he found 

that the equivalent static pressure could represent the impact pressure. He then verified that 

the permanent deformations of the damaged panels in ship bow plating and other structural 

members were due to repeated wave impacts. Mori [14] investigated the response of bottom 

plate due to slamming by performing the single and repeated wet drop tests on a full and 

small-scale model of the bottom plate made of aluminium alloy of high-speed crafts. He 

found that increment of deflection of the impacted models was decreased with the number 

of pressure impacts. Caridis and Stefanou [15] numerically studied effects of several load 

impacts on an un-stiffened plate. The amplitude of the applied impulsive pressure equating 

1.5 times of the static collapse value of the plate was applied. The permanent set of the plate 

was increased by approximately 40% after the 4th impact. Seo [16] and Truong et al. [17] 

performed numerical computations for plates subjected to multiple impulsive loadings and 

accumulated permanent set of plates was observed. More recently, Park [18] reported the 

experimental and numerical predictions of permanent set evolution for wedge model due to 

repeated impulsive pressure loadings. As stated in Ref. [11] that the permanent deflections 

tend to certain values when the numbers of impacts are increased. However, it indicates that 

the effects of the repetition of the impulsive pressure cannot be neglected in the marine 

structural design against impulsive pressure loadings such as slamming, sloshing or green 

water. 

In addition to repeated mass impacts and pressure impacts, as mentioned above, repeated 

pressure impacts with very short load duration induced by explosions during the lifetime of 

marine structures should be considered in the structural design. In reality, on-going war and 

terrorist attacks contribute to a variety of impulsive loading of structures that often result in 

life-changing injury or death [19]. During service time, whether on peacekeeping missions 

or in the battlefield navy ship and armoured vehicles can be subjected to multiple blast loads 

from either improvised explosive devices or landmines. Recently, Henchie et al. [19] 

performed experimental and numerical investigations on the response of circular plates made 

of Domex-700 MC steel under repeated uniform blast loads. The test plates of thickness 

either 2 or 3 mm are mounted onto a ballistic pendulum and subjected to uniform blast load 

up to five times for repeated impulsive loadings. For generating the repeated blast loads, the 

already blast loaded plate was left on the test rig and reloaded with the same mass of 

explosive detonated at the same location. The experiments were carried out so that a test 

plate witnessed a similar blast load up to five times. They observed that the plates showed 

large inelastic global deformation with thinning occurring at the clamped boundary and in 

some cases tearing. A trend of increasing permanent mid-point deflection is observed for an 

increase in charge mass and number of witnessed blast loads. In this paper, in addition to the 

response of structures to iceberg collisions and slamming, the plastic damage of marine 
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structural components subjected to repeated impulsive pressure loadings arose from 

explosions was also numerically studied. 

Considering the potential accident cases and a wide range of parameters involved, 

performing series of full-scale experiments seems to be difficult even with small-scale 

models. In general cases, before analysis, experiments serving as validation tools for 

simplified analytical methods regarding capturing the primary failure mechanism is 

necessarily known. 

Since computer technology actively developed, nonlinear finite element analysis (NLFEA) 

is a useful tool for analysis of various marine problems, such as collisions, slamming and 

explosions. So far, example dynamic impact simulations have been numerously published 

and presented at many conferences. Several commercial finite element software packages, 

such as ABAQUS, LS-DYNA, and ANSYS, are being widely used in dynamic impact fields. 

Obviously, impact events produce nonlinear processes involving large plasticity 

deformations, fractures and complex contact conditions. Numerical techniques attempt to 

obtain a complete solution to these problems. Although numerical modelling may have 

extensive effort compared to simplified analytical methods, once validated, NLFEA can be 

confidently used to analyse many impact event scenarios and to obtain vast useful 

information. Because high power in providing extensive result views as well as repeatable 

simulation tools, NLFEA is recently considered as a tool numerically producing experiments 

instead of performing costly laboratory scale tests. 

The empirical and simplified analytical methods do not require extensive modelling or 

calculation effort and therefore very attractive. However, empirical methods are not robust 

because they are based solely on experimental data. Moreover, experimental tests on full-

scale ship collision are rare and very expensive. One approach is to perform scaled collision 

test on typical ship structural members to validate the numerical methods for impact analysis. 

So far, simplified analytical methods are still needed for quick estimation of the impact 

response and developing simple criteria for design. At the present state-of-the-art, due to 

computation cost, rigorous analyses using NLFEA are still performed for design purposes. 

Hence, it is necessary to apply simplified techniques as long as the accuracy of these methods 

is acceptable. The accuracy and reliability of numerical methods should be assessed. 

To the author’s knowledge, there are still few attempts made to perform repeated impact 

tests on small-scale models of the marine structural component as well as comparative 

analysis using NLFEA. As mentioned earlier, repeated mass impacts from contact with ice 

floes and repeated impulsive pressure loadings induced by blast and explosion, and 

slamming were more realistic loads acting on marine structures. However, the extensive 
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research efforts were in the field of ship-ice collision, explosions and slamming in recent 

years with single loads applied. Especially, experiments representing realistic impact 

conditions are lacking. There is also no widely accepted rational design recommendations 

based on accidental limit state principles for these structural components under repeated 

loads. 

1.2 Aims and scope of work 

The present thesis aims to contribute to the understanding of repeated impacts response 

of marine structures from contact with ice floes and floating objects, as well as from 

slamming and explosions. The work was carried out as a part of the Korea Institute of Energy 

Technology Evaluation and Planning (KETEP) and the Ministry of Trade, Industry and 

Energy (MOTIE) of the Republic of Korea (No. 20124030200110, 20142020103560, 

20154030200970, 20163010024620 and 20178520000280). 

The objectives of the present work constituted by the following tasks: 

 To identify and describe dynamic response of structural components of marine 

vessels subjected to repeated mass impacts and repeated impulsive pressure 

loadings by performing a comparative analysis of experiments on small-scale 

models. 

 To establish numerical methodologies for safety assessment, to increase the 

knowledge of numerical simulations of accidental loading on ships and offshore 

structural components and verify against experimental results. 

 To make a better understanding of the detailed behaviour of marine structural 

components subjected to repeated impacts based on the parametric study results 

obtained through numerical analysis. 

 To propose formulae for predicting damage extent of structures under repeated 

dynamic loadings. 

 To propose simplified analysis method to evaluate the behaviour of ships and 

offshore structural components under repeated mass impacts. 

1.3 Outline of the thesis 

The present thesis is organised into chapters with separate topics. The chapters are mainly 

based on the papers published and presented at the conferences during the thesis work. 
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After a brief introduction in Chapter 1 concerning the background, motivation and 

objectives of the work, an overview of the research on the response of marine structural 

members under repeated impacts is given in Chapter 2. Classification Society’s Rules for 

the marine structural design are also summarised. 

In Chapter 3, the repeated impact response at room temperature and single impact 

response of single beams at sub-zero temperature, respectively, is presented. Details of 

repeated drop tests are described. Numerical analysis results validated using comparing with 

dynamic impact tests are utilised for providing insights understanding the effect of some 

parameters on the response of structures from repeated impacts. Also, a simple analytical 

approach was proposed based on the energy conservation method to predict the deflection 

evolution of the beam subjected to repeated mass impacts. Based on the parametric study 

results, simple formulae are derived, which were verified with present experimental results, 

for estimation of damage to beams under repeated mass impacts. 

Chapter 4 describes experiments that have been performed during the thesis work. Here 

focuses on the repeated impact response of grillage models at room and sub-zero 

temperatures. An experimental study is presented based on the dynamic impact tests with 

four small-scale grillage models. The numerical analysis methodology is verified with the 

test results. The deformation behaviour of the grillage and impact response is thoroughly 

discussed. In the calculations, based on the material properties of tested models the strain 

hardening and strain rate hardening model was determined using the recently proposed 

equations. After substantiating with experimental results, further calculations were then 

carried out to examine impact response more details as well as the effects of variations in 

different boundary conditions, strain rate definitions on the response of grillages under 

repeated mass impacts. A simple analytical approach was proposed based on the energy 

conservation method to predict the deflection evolution of the grillage subjected to repeated 

mass impacts. The analytical predictions were compared with the test results and verified 

with the numerical predictions; a reasonable agreement was achieved between them. Lastly, 

based on the parametric study results, simple formulae are derived, which were verified with 

present experimental results, for quick estimation of damage to grillage structures under 

repeated impact loadings. 

In Chapter 5, the plastic response of circular and rectangular aluminium-alloy plates 

subjected to repeated mass impacts is studied. Repeated mass impact test results presented 

in the literature are replicated with numerical simulations. The effect of repeated impacts on 

the plates is assessed under various boundary conditions and impact conditions. 

In Chapter 6, the plastic response of circular and stiffened plates subjected to dynamic 
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repeated blast loadings is numerically investigated. Extensive single blast tests on circular 

and square plates and repeated uniform blast test data of circular plates presented in the 

literature are replicated with numerical simulations. The effect of repeated impacts on the 

plates is assessed under various boundary conditions, scantling configurations and impulsive 

pressure parameters. In addition, the response of real stiffened plate of the navy ship to 

repeated impulsive loadings induced by blast and explosion were evaluated. Based on the 

parametric study results, simple yet accurate empirical formulae are derived, which were 

verified with experimental data, for quick estimation of damage of plates under repeated 

blast loadings. 

In Chapter 7, the plastic response of steel and aluminium-alloy plates subjected to 

dynamic repeated impulsive pressure loadings induced by slamming is studied. Repeated 

wet drop test results presented in the literature are employed to substantiate the present 

numerical simulations. The effect of repeated impacts on the plates is assessed under various 

impact pressure parameters, and effect of heat affected zone due to welding is numerically 

evaluated. Additionally, the effect of the stiffener number on the evolution of permanent set 

of plates under repeated impulsive loadings is numerically investigated. Simple yet accurate 

empirical formulae are derived based on the parametric study results, which were verified 

with experimental data, for quick estimation of damage of plates under repeated impulsive 

pressure loadings induced by slamming. 

Finally, Chapter 8 summarises the findings of the thesis and provides recommendations 

for future work. 
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Chapter 2 

Overview of research on marine 

structural response to iceberg 

collisions, slamming and explosions 

2.1 Introduction 

This chapter reviews state-of-the-art research on the response of marine structures under 

repeated lateral impacts from contacting with icebergs as well as impulsive loadings induced 

by slamming and explosions and re-visits relevant classification rules. 

2.2 Research on iceberg collisions with marine structures  

2.2.1 Iceberg collisions 

The research on collisions between icebergs and marine structures has been principally 

roused by the investigations of oil and gas fields in Arctic and sub-Arctic areas (the 

Shtokman field in the Barents Sea and four fields off the east coast of Canada (Hibernia, 

Terra Nova, Hebron, Whiterose)). The soonest related research showed up in the 1980s, 

including the works of many researchers [20-26]. Although different scenarios of the 

collision were examined, iceberg impact loads were typically simplified by analytical 

equations. These equations were then implemented into equations of motion. Pressure-area 

relationships or the crushing strength of ice was frequently chosen to represent the iceberg 

impact load. Detailed studies on the structures of icebergs interactions were impractical 

around then. 
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Kierkegaard [27] have made an extensive study on iceberg-ship collisions that 

concentrated on the damages to ship structures. Due to their extremely complicated 

mechanical behaviours, icebergs were idealised merely as rigid objects, as expressed by the 

author in his thesis. 

Løset and Kvamsdal [28] have performed the first simulation of the icebergs’ structural 

interactions using the commercial code LS-DYNA 971. In this software, the iceberg is 

simulated by a material with a so-called ‘Tsai-Wu’ yield surface. Fuglem et al. [29] have 

evaluated iceberg impact loads using probabilistic methods. A pressure-area relationship 

simply represented the icebergs’ mechanic behaviours. 

Brown and Daley [30] have simulated the lateral collisions between icebergs and a 

moored structure in the Terra Nova oilfield. A pressure-area relationship was used to assess 

the icebergs’ impact loads. The loads were output to a computer code (Working Model 2D), 

which solved the equations of motion. Croasdale [31] summarised the relevant local ice-load 

data with the aim of providing design guidance for severe ice-load events to offshore 

structures, such as icebergs and pack-ice impacts. However, the present experimental data 

are insufficient to fully describe the ice loads caused by iceberg impacts. Ideally, the 

pressure-area relationship should be considered together with an iceberg’s aspect ratio. The 

pressure-area relationships obtained from aspect ratios that are not suitable for icebergs 

should be separated.  

Gagnon et al. [33-38] have carried out both experimental and numerical work on iceberg 

impacts. Together with his colleagues, he carried out bergy-bit impact trials on the CCGS 

Terry Fox off the northern tip of Newfoundland [35, 36]. A comprehensive research study 

was made from these trials. However, no structural damage was reported in that experimental 

study, which may be due to the relatively small energy of the collision conducted. Gagnon 

also tried to do numerical simulations of iceberg impacts. His idea was to simulate ice by 

implementing a ‘crushable foam’ material model in LS-DYNA 971. The results have been 

promised but have not yet been applied to structure-iceberg interactions simulations. 

Researchers in Korea have shown interest in iceberg impact problems recently [39-41]. 

Those works deal with carriers of Liquefied Natural Gas (LNG) colliding with icebergs, 

which is a plausible scenario in the Arctic. Intensive attention was paid to the ship’s global 

response due to iceberg impacts, but little work was done to investigate the local iceberg 

deformations. 

Myhre [42] have performed numerical analysis of accidental iceberg impacts with 

membrane tank LNG carriers. In this study, deformation of the inner hull is explored and 

checked against design criteria. Berling [43] also performed numerical analysis of iceberg 
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collision with the bow shoulder area of a 150,000 ton membrane-type LNG carrier using a 

maximum size criterion for icebergs to find the critical energy levels. Nelis [44] presented a 

simplified method to evaluate the ice force generating in the transverse direction of the ice-

ship collisions. The ice force formula derived in this study is added to the time-domain 

collision simulation model for evaluating the collision damage. In addition, Minorsky’s 

classical collision model is developed further to consider the influence of ice in ship collision 

dynamics. Chen [45] conducted a numerical investigation into the collision in the Arctic 

region. The explicit simulation method has been used to represent the collision phenomena. 

The simulation has been carried out by the FE software ANSYS Workbench Explicit using 

the dynamic explicit solver of AUTODYN. The influence the collision results was concluded 

based on many cases studies in this thesis. Different ambient conditions and collision 

scenarios were distinguished in those cases. Storheim [46] studied the structural response in 

ship-platform and ship-ice collisions. The primary purpose of his work is to improve the 

description method of the material behaviour for nonlinear finite element analysis (NLFEA) 

and to numerically study the physics of the collision process based on both experiments and 

full-scale scenarios. Finally, based on the findings, the simplified methods are proposed. 

Regarding the Shtokman field development, several researchers have also performed 

comprehensive studies on iceberg management and its influences on iceberg impact loads to 

offshore structures [47-49]. Probabilistic methods were used to evaluate the iceberg impact 

probability and its corresponding impact loads. However, no further studies on local 

structures and iceberg failures have been published.  

Conveniently, to investigate iceberg and marine structures collisions, a separation of 

external mechanics and internal mechanics have been used. External mechanics refers to 

translational and rotational momentum and energy balance. Internal mechanics refers to the 

local deformations of ship structures and ice [3]. The literature review conducted above 

mainly obtains iceberg impact loads from the perspective of external mechanics. Little work 

has been done on the internal mechanics of such scenarios. This is due to the complex 

mechanical behaviours of ice demand significant efforts, as well as the coupling between 

icebergs and ship structures, is also more complicated.  

2.2.2 Structural response 

Damages to hull structures due to contacts with ice features are in the form of dent, 

tripping, buckling, and rupture in some extreme cases (ice damage reports of [50]). Limited 

plastic deformation to hull structures has been inevitably considered in marine structures 

servicing in iced-water regions.  
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As stated in ice class rules, local structural members of shell, stiffeners and main support 

members are designed as key components. As shown in Table 2.1 [51], the basis of scantling 

requirements in ice class rules varies to a great degree. Recently, Riska et al. [52] attempt to 

shed light on the various structural formulations using the concept of “design point”, where 

a definition of the limit state of the structure and the frequency of the ice loads were 

concluded. 

Table 2.1 Basis of structural scantlings requirements of ice class rules [51] 

Ice rules Ice loads Limit state for plate failure Limit state for stiffener failure 

FSICR 
Frequent ice 

load 
Slight yielding Initial yielding under bending 

IACS PC 
Extreme ice 

load 
Plastic collapse 

Collapse under both bending and 

shear 

RSMS ? Plastic collapse Plastic collapse under bending 

There are extensive studies conducted to investigate the structural responses of shell plate 

and stiffeners subject to ice loads [53-57]. Recent studies, for example, Liu [3], tend to apply 

the nonlinear finite element method which is partially encouraged by a tentative acceptance 

of the Finnish Maritime Administration to use such advanced tool to evaluate structural 

scantlings. 

2.2.3 Rule and regulations 

As reported in Ref. [51], ice class rules play an important role in designing of ice-going 

marine structures. The most important ice class rules are the Finnish-Swedish Ice Class 

Rules (FSICR), IACS Polar Class Rules (IACS PC), and ice class rules of classification 

societies (ABS, BV, CCS, DNV GL, LR, NK, RMRS). These ice class rules specify 

requirements based on ice conditions and operation of vessels. Details of structural 

requirements were mostly based on a combination of experience, empirical data and 

structural analyses. 

The FSICR have been adopted widely and have been incorporated by most classification 

societies as the basis of first-year ice conditions [58]. The exception is RSMS Ice Rules for 

vessels navigating in the Russian Arctic waters. Other than FSICR and RSMS Ice Rules, few 

existing ice class rules have been used to design ships. The IACS PC Rules are becoming 

more and more accepted, especially for multi-year ice conditions. To supplement FSICR and 

IACS PC Rules, some classification societies have rules for icebreakers and guidance on 

winterisation for operation in cold environment. See Table 2.2 for a summary of some 

existing ice class rules. As seen in the table, most classification societies, except RSMS, 
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have aligned their first-year ice class, ice-strengthening requirements with FSICR, and are 

implementing IACS PC. A brief summarization of each class can be found in Ref. [51]. 

Table 2.2 Ice class rules for ships [51] 

Ice class 

rules 

Multi-

year ice 

First-

year ice 

Ice 

strengthening 

Ice 

breaking 
Notes 

FSICR  - × × - 
De-facto standard for 1st year 

ice 

IACS PC  × × × × 
PC 6, 7 aligned with FSICR 

1A+, A 

RSMS  × × × × Russian region 

ABS  × × × × 

Supplemental guidance on 

winterisation, ice load 

monitoring, enhanced PC class 

DNV GL  × × × × 
Supplemental requirements on 

winterization 

LR  × × × × 

Supplemental requirements on 

winterization, ice-induced 

fatigue 

NK  × × × ×  

As far as, structural requirements are concerned, the following are the key components of 

ice class rules, such as (i) ice classes that correspond to ice conditions and vessel operations 

in ice-infested seas, (ii) areas of ice strengthening that are normally divided into a bow, 

parallel body and aft regions in general, (iii) ice loads that are associated with various ice-

ship interaction scenarios, (iv) scantling requirements that are dependent on elastic or plastic 

responses of structures, and (v) corrosion/abrasion allowance. 

As stated in [51], one of the issues currently facing owners and designers is a selection of 

the appropriate design standards. A significant amount of experience has been developed for 

government and escort icebreakers, icebreaking oil field work vessels and small cargo 

vessels. However, very little information has been published related to the adequacy of 

design standards used for these vessels. At present, experience with larger tank vessels is 

being accumulated, and industry is developing designs to support oil and gas exploration in 

several Arctic regions. Large state-of-the-art icebreaking tankers have recently been 

constructed, and provided year-round service to the Varanday gravity based production 

platform offshore in the Russian Arctic [51]. This project includes an essential collection of 

full-scale ice loads data for application to the design of larger vessels anticipated for future 

commercial developments. 
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2.3 Research on response of marine structures to 

slamming 

There are many challenges in designing marine structures against impulsive pressure loadings 

induced by slamming, sloshing and green water. Marine vessels have experienced structural 

damage due to impulsive pressure loadings. In fact, the structures can be impacted due to 

slamming, sloshing and green water repeatedly, not single impact as many studies focused 

on. Since costly repair work is incurred, it is important that the extent of damages should be 

minimised possibly. This indicates that the relevant rules of classification societies regarding 

slamming, sloshing and green water, as well their effects on floating structures need to be 

improved [11]. 

According to the rule of classification societies, the scantlings of ship structures subjected 

to slamming, sloshing or green water are determined by the equivalent static design pressure. 

The maximum structural response to the design pressure is expected to be the same as when 

the structure is subjected to an actual impulsive pressure loading. The responses of structures 

under static pressure are quite well known, but those under impulsive pressure loadings have 

not been fully investigated yet. In this chapter, moreover, the relevant literature to predicting 

the permanent deflection due to impulsive pressure loadings has been reviewed. 

The response of impulsively impacted structures depends not only on pressure amplitude 

but also on load duration. When a structure is impacted by an impulsive pressure loading 

whose duration is much shorter than its natural period, the impulse may represent the loading. 

On the contrary, when the duration is longer enough comparing with the natural period, the 

amplitude of pressure may play an important role. However, it does not mean that the 

impulsive pressure loading can be treated as a static one. Therefore, in predicting the 

equivalent static pressure the dynamic characteristics of impulsive pressure loadings should 

be carefully considered [11]. 

Impulsive pressure loading induces different kinds of damage to marine structures. Great 

pressure impulses may cause both local plastic deformation at the loaded region and global 

damages to the mid-ship section of a ship structure. Intermediate pressure impulses which 

occur several times gradually cause large deformations, say accumulated damages or cause 

low cycle fatigue damages. Low pressure with a high number of cycles may cause fatigue 

damages in structural details [12]. 

Prediction methods are reviewed herein for extents of damage of structures subjected to 

impulsive loadings, as shown in Fig. 2.1 for illustration. Various classification societies’ 

rules are compared and recommendations for structural design guidelines are provided. 
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Fig. 2.1 Damaged structure due to flare slamming [11] 

As mentioned earlier, the response of plates is strongly affected by the ratio of load 

duration to the natural period of a plate, therefore in predicting the permanent deflection of 

plates subjected to impulsive pressure loadings, the natural period of the structure is a very 

important parameter. Samuelides et al. [59] investigated the impulse shape effects on a 

permanent deflection for un-stiffened plates. In their study, the impulse durations considered 

were much shorter than the natural period of the plate and they concluded that the effect of 

the impulse shape was negligible. Therefore, when the impulse duration is very short 

compared with the structure natural period the impulse can be the only parameter 

representing the impulsive pressure loading. 

Lee et al. [60] calculated the permanent deflection of an un-stiffened plate subjected to 

impulsive pressure loadings varying pressure amplitude and impulse duration. It was 

concluded that the permanent deflection remains almost constant if the impulse duration is 

longer than the natural period of the plate. For stiffened plates, Seo [16], Cho et al. [61] and 

Truong et al. [17] have also investigated the effect of impulse shape on the response of plates 

to impulsive pressure loading, and the same observations with Samuelides et al. [59] were 

reported. Thus, it can be said that when the impulse duration time is longer than that of the 

structure’s natural period the pressure amplitude is the only design parameter for impulsive 

pressure loadings. 

When the impulse duration is not very short, compared with the natural period of the 

structure but shorter than that, i.e. intermediate case, the amplitude and duration of the 

impulsive pressure should be considered. Note that the natural period of the impacted plates 

can be obtained by the equation proposed in the literature, for example, Szechenyi [62] and 

Sinha et al. [63]. 

For impulsive pressure loading due to slamming, (also for sloshing and green water) Paik 

et al. [64] proposed a design equation with which the permanent deflection of plates can be 
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predicted when the amplitude of pressure and duration of rectangular shape are provided. 

2.4 Research on response of marine structures to 

underwater explosion 

Typically, marine structures are designed to environmental loads such as winds and waves. 

However, during service life, these structures may be exposed to an accidental load including 

collisions and explosions. Under some circumstances, the effects of underwater explosions 

(UNDEX) must be considered. UNDEX can cause significant damage to marine structures. 

Therefore, the focus on the response of marine structures to such load conditions will be a 

part of this study. Many efforts have been spent on understanding the physics of explosions 

so that precautions can be made to avoid critical damage due to explosions. Historically, the 

determination of such loads was aided through the use of model testing. Since strong 

computers developed together with an understanding of fluid-structure interaction, 

researchers rely more and more on computational methods [11]. 

The explosion of a high explosive that releases sudden energy forms a superheated, highly 

compressed gas bubble and the generation of a shock wave in the surrounding medium. A 

gas bubble pulsation is generated when the explosion occurs in water. Under explosions (in 

air or underwater), the local failure of a hull panel is found to be serious compared to the 

global response of structures [65]. 

As stated in [65], the intensity of explosion determines whether a plate undergoes elastic 

deformation, yielding, plastic deformation or fracture. The stress developed in the plate is 

found as a function of the material and shock wave parameters when the elastic deformation 

observed. As the intensity of explosion progressively increases, the elastic to plastic 

transition occurs over a specific shock factor. Plastic deformation is predicted as a function 

of geometric and material properties of the plate and shock pulse impulse. Deflection-time 

history reveals the reloading effects of the shock wave. As the deforming plate absorbs 

maximum energy, depending on its strength and ductility, it undergoes fracture. The 

underwater explosion sequence events and its effect on plate specimens have been reviewed 

by Rajendran & Narasimhan [66]. 

The damage to plates due to air blasting loading has been classified into three modes, 

namely plastic deformation (Mode I), tensile tearing (Mode II) and shearing failure (Mode 

III). Ramajeyathi lagam & Vendhan [67] have conducted a series of near-field UNDEX 

experiments. Those experiments covered all three failure modes that similar to those of 

plates under air blast loading. Brett et al. [68] investigated the explosive effects in close 
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proximity on a submerged cylinder. They found that in all cases, the primary shock wave 

impact generated a crucial effect, whereas the less significant of bubble pulsation was 

detected, generating a peak velocity approximately half that caused by the shock wave. The 

immediate collapse of the bubble onto the cylinder was the most severe impact. This induced 

a peak velocity approximately twice of that caused by the primary shock wave, causing 

significant local plastic deformation.  

Hung et al. [69] have carried out experimental and numerical investigations on the 

dynamic response of three cylindrical shell structures subjected to UNDEX. It is concluded 

that the bubble pulsation has only small effects on dynamic responses if the deformation of 

the cylinder belonged to in linear range due to the impact of the primary shock. If the plastic 

deformations occurred after the impact of the primary shock wave, the deformations 

increased remarkably after the attack of bubble pulsation. 

Recently, Zhang and Yao [70] also investigated the response of a ship under the bubble 

loading. From the stress history of typical elements of the structure, the pressure reaches its 

maximum when the bubble collapses. This validates that the pressure generated by the 

bubble collapse and the jet can cause severe damage to marine structures. 

The ability of the hull to withstand shock damage will evaluate the shock resistance of 

machinery and equipment in a naval vessel [65]. Thus, quantifying the hull damage due to 

UNDEX as well as the hull structure for shock resistance appears to be necessary. Although 

many surface ship shock experiments have been conducted for shock qualification of ship 

integrity, systems and subsystems, to determine how submerged structures dynamically 

respond to and are damaged by UNDEX, conducting shock experiments are very expensive. 

Fortunately, with computer technology, the advanced numerical modelling and simulation 

allow providing useful information to insight examine dynamic responses of marine 

structures under UNDEX. 

Park et al. [71] have presented the response measurements of a naval ship to UNDEX 

shock loadings. These work had conducted for a coastal mine hunter and a mine 

sweeper/hunter. Shin [72] numerically analysed a ship shock using coupling ship and fluid 

model. The predicted results were also compared with ship shock test data. The investigation 

on the transient responses of a 2000-ton patrol-boat to a UNDEX was conducted by Liang 

& Tai [73]. The study figured out the plastic zone spread phenomena and deformed diagram 

of the ship. 

Librescu et al. [74] have investigated the dynamic response of sandwich flat panels 

subjected to explosive blast loadings produced by both underwater and in-air explosions. 

These were carried out with a geometrically nonlinear model of sandwich structures having 
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anisotropic laminated face sheets and a transversely compressible orthotropic core. The 

unsteady impulsive pressure acting on the face of the sandwich panel includes the effect of 

the pressure wave transmission through the core. 

In order to save warship to UNDEX, Tong et al. [75] have proposed a type of rubber shock 

absorption and the isolation structure. The structures were designed based on the principle 

of energy absorption with structure deformation and shock wave reflection between the 

interfaces of materials with great impedance mismatch. The shock protective layer was 

attached to the outer hull of the warship. 

Louca & Mohamed [76] investigated the response of a typical offshore topside structure 

subjected to blast loading caused by hydrocarbon explosions in order for UNDEX 

survivability studies. Part of this study involves computer simulation, and, therefore, the 

necessary validation of the developed models used in such simulations. The benchmark 

problem for experimental implementation of a submerged aluminium cylinder affected by 

UNDEX has been also presented by Motta et al. [77]. 

For the more effective design of naval ships against air blast or UNDEX threats, it is 

necessary to estimate the structural response of naval ships due to UNDEX one time even 

repeated UNDEX. For un-stiffened plates subjected to underwater explosions, various 

formulations are so far available to predict the residual deflection. Several researchers [78-

82] proposed simple design equations for prediction of damage extents to impacted 

impulsively structures due to single impact. When stiffened plates are subjected to impulsive 

pressure loadings due to single UNDEX, the residual deflections can be predicted by the 

design equations proposed by Saitoh et al. [81] and Park and Cho [82].  

In this study, therefore, in addition to the response of structures to iceberg collisions and 

slamming mentioned earlier, the plastic damage of marine structural components due to 

repeated impulsive pressure loadings induced by explosions was also numerically studied. 
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Chapter 3 

Repeated mass impact responses of 

single beams 

3.1 Introduction 

Single beams with various shape of cross sections are widely used in ships and offshore 

structures like stringer [83]. The boundary can be transverse bulkheads, girders or frames. 

In Fig. 3.1, a typical damage to single beam structure consisting of boundaries and loads 

applied is shown. In operational conditions, these members are subjected mainly to impact 

loadings due to contact with ice features and floating objects, and compression or tension, 

as well as bending moments due to waves and hydrostatic pressure loading depending on the 

location as well. 

 
Fig. 3.1 Damaged beam under mass impact [83] 

This topic attracted many researchers over the last few decades with increasing operations 

and incidents in ships and offshore structures. 

Recently, the liquefied petroleum gas (LPG) carrier sector is active in the shipping and 
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shipbuilding industries. LPG carriers (see Fig. 3.2, a mid-ship section), unlike general cargo 

ships, especially with regard to the characteristics of the cargo to be transported carry the 

possibility of causing a serious accident in the surrounding environment by the diffusion, 

explosion or evaporation of leaked gas. Therefore, the study of the impact resistance of the 

primary and secondary barriers for cargo is important. However, in this study, the study is 

primarily related to the secondary barrier. 

   

(a)      (b)  

Fig. 3.2 Barriers of LPG tanker: (a) Primary barrier, (b) Secondary barrier 

Because the transportation of gas is hazardous for many reasons, impact resistance and 

various requirements mechanical properties of the steel material are regulated by the 

International Maritime Organization within the International Gas Carriers code [84]. To 

improve toughness at low temperature from -30 °C to -196 °C of steel used in LPG ship 

structures, low-temperature steel (LT), which has a higher amount of nickel (Ni), was 

considered. Therefore, to preserve the LPG cargo, the evaluation of the impact resistance of 

hull structures such as primary and secondary barrier structures made of low-temperature 

steel has become important. 

During service life, ship and offshore structures including LPG carriers may be exposed 

to various loading conditions such as slamming, sloshing, green water and mass impacts. Of 

those, in this chapter, the response of marine structural components to repeated lateral 

impacts from ice floes and/or floating objects will be studied. It is known that plastic 

deformations accumulate if the structure is subjected to repeated impacts. Accumulation of 

permanent deformations depends on the severity of loads and the number of load repetitions 

in addition to the strength of the material used in the structures. 

Several researchers have investigated the effect of repeated impact on steel and 

aluminium-alloy structures [19, 85-92]. Some of them [85-92] focused on repeated mass 

impacts, whereas others [19] were related to repeated uniform blast loads. Zhu et al. [85], 

Huang et al. [86], Chae [88], and Ghajar et al. [90] employed unstiffened plates made of 
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either mild steel or aluminium to investigate repeated impact responses at room temperature. 

Seifried et al. [87] and Minamoto et al. [89] considered rod models made of DIN S235 which 

corresponds to JIS SM41, to study the responses of structures under repeated impacts at 

room temperature. Henchie et al. [19] investigated the response of circular plates made of 

DOMEX 700 with yield strength 750 MPa subjected to repeated uniform blast loads, and 

Cho et al. [91] employed DH36 grade steel to investigate the repeated impact effect on 

single-beams at room and low temperatures. Li and Sun [91] investigated experimentally 

and numerically the crack behaviour of a simply supported beam made of 18Cr2Ni4WA steel 

under repeated impacts. Little is known about whether materials or temperatures would have 

any significant effect on the repeated mass impact performance of structures. Also, the 

material properties of low-temperature (LT) grade steel, which is widely used in LPG carriers, 

have not been investigated. 

In the previous study [91], the dynamic plastic response of single steel beams under 

repeated low-velocity impacts was primarily investigated. The repetition of impacts has 

relevance in applications where multiple impact sequences may be exposed to ice floes or 

floating objects.  

The purpose of this study is to investigate the effects of single and repeated lateral impacts 

on the response of beams representing a stiffener with an associated plate of the secondary 

barrier of an LPG carrier. Repeated impact tests were conducted on four beams made of low-

temperature steel (LT-FH32 grade). Seven identical impacts were repeated for two models 

at room temperature, and a single-impact was applied at sub-zero temperature (-50 °C) to 

the other two. Both ends of the models were fully clamped onto a strong bed during impacts. 

The permanent deflections were measured after each impact test. To estimate the damage of 

the tested models the numerical analyses were conducted using the commercial 

ABAQUS/Explicit software package. In the numerical model, both strain and strain rate 

hardenings were considered. The strain hardening was determined using the stress-strain 

relationships obtained from the tensile tests performed in this study. However, the strain rate 

hardening was determined by adopting the Cowper and Symonds strain rate hardening model 

along with the material constants provided by the literature. A reasonable agreement was 

achieved between the experimental results and numerical predictions. 

3.2 Dynamic repeated impact tests on steel single beams 

In this section, an experimental and numerical evaluation of the response of single beams 

repeatedly struck at mid-length with a mass having a rigid knife-edge striker is presented. 

The results of this study have considerable importance providing a reliable and realistic view 
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of the response of marine structures under lateral mass impact loadings. 

3.2.1 Details of experiments  

3.2.1.1 Material properties 

To obtain the mechanical properties of the test model material at various temperature 

conditions, two series of tensile tests were conducted. The tensile tests at room temperature 

and sub-zero temperatures (-30 °C, -50 °C and -70 °C) were performed using the universal 

testing machines of the University of Ulsan and of Mokpo National University of Korea, 

respectively. The material tested in this study was low-temperature steel of LT-FH32 grade.  

 

Table 3.1 Mechanical properties of material of the test models at room and sub-zero temperatures 

Part of model 

(see Fig. 3.5) 

Temp. 

[°C] 

t 

[mm] 

σY 

[MPa] 

σT 

[MPa] 

E 

[MPa] 

εHS 

[ - ] 

εT 

[ - ] 

eF 

[ - ] 

Web and flange 

of the beam 

Room 

13.44 

365.0 464.5 

206000 

0.0247 0.1928 0.4263 

-30 389.5 499.7 0.0244 0.1984 0.5027 

-50 410.1 516.6 0.0279 0.2088 0.4889 

-70 430.0 533.5 0.0306 0.2090 0.4987 

End plate and 

bracket 

Room 

10.39 

372.8 482.5 0.0205 0.1785 0.3908 

-30 392.8 512.5 0.0221 0.1871 0.4473 

-50 411.8 534.9 0.0252 0.1906 0.4447 

-70 422.5 546.7 0.0256 0.1926 0.4523 

 

Five tensile test coupons were cut from each parent plate of the test models, which were 

then machined and their dimensions were measured before testing. For the tensile testing at 

low temperature, a cold chamber had been installed in the universal testing machine. To 

eliminate the dynamic effects both tensile tests were conducted at a rate of 1.0 mm/min by 

displacement-control until fracture occurred. The force-elongation curve, which was used to 

determine the engineering stress-strain relationships of the materials, was recorded. The test 

procedures satisfied the requirements of the Korean Standard [93]. The average mechanical 

properties obtained by tensile tests at room and sub-zero temperatures are summarised in 

Table 3.1. In Table 3.1, t is the thickness of the coupon, 𝜎𝑌 is the yield strength, 𝜎𝑇 is the 

ultimate tensile strength, E is the Young’s modulus, 𝜀𝐻𝑆 is the hardening start strain, 𝜀𝑇 is 

the ultimate tensile strain, and 𝑒𝐹  is the fracture strain. Fig. 3.3 shows the engineering 

stress-strain curves of the model materials as well as their true values at various temperatures. 
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(a) Web and flange 
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(b) End plate and bracket 

Fig. 3.3 Engineering and true stress-strain curves of model materials 

 

 

Fig. 3.4 Effect of temperature on yield and tensile strengths 

From the testing results, it is noticed that the material at low temperature became stiffer 

than that at room temperature. In particular, the yield strength increases by approximately 
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5.4 to 6.7% at -30 °C, by 10.5 to 12.4% at -50 °C, and by 13.3 to 17.8% at -70 °C. However, 

the tensile strength increases by approximately 6.2 to 7.6% at -30 °C, by 10.9 to 11.2% at -

50 °C, and by 13.3 to 14.9% at -70 °C, compared with those at room temperature, as shown 

in Fig. 3.4. Additionally, the increasing trends of strain were also noticed clearly, as 

illustrated in Table 3.1, which increased gradually with decreasing temperature. 

3.2.1.2 Test models 

Four single beams were fabricated for the impact tests. Two models denoted LT-R1 and 

LT-R2 were tested at room temperature, whilst the other two labelled LT-L1 and LT-L2 were 

tested at approximately -50 °C. The web and flange of the beam were cut from low-

temperature steel sheets of 13 mm in thickness and welded to endplates and brackets at the 

ends of the beam which were cut from low-temperature sheets of 10 mm thickness. The 

endplates have bolt holes, which were bolted to the support fixtures. The nominal thicknesses 

and dimensions of the test model are depicted in Fig. 3.5a and a fabricated model, model LT-

R1, is shown in Fig. 3.5b. After fabricating the models, grid lines were marked with 25 mm 

spacing from the mid-length of the beam. The initial imperfections of the beam were 

carefully measured using a laser gauge before being mounted on the testing frame. 

 

 

(a) 

1068

2
0

0

5
0

~

~

"A"

"B" SEC.

100

CL

PLAN

"B"

20
15

2
0

0

10

CLCL

100

50

TYP
10.0

~

5
0

2
0

0
200

50

5
0

5025

TYP~

13.0

10.0

13.0

TYPTYP

10

16



31 

 

(b) 

Fig. 3.5 Test model: (a) dimensions (unit: mm), (b) fabricated model 

3.2.1.3 Experimental set-up 

The single and repeated impact tests were conducted at -50 °C and room temperatures, 

respectively, using drop testing machine shown in Fig. 3.6a. This machine has been 

successfully employed in single impact tests and repeated impact tests for unstiffened plate 

[86], small-scale tanker double-hull structures [94], unstiffened tubular structures [95], beam 

structures [91, 96] and ring-stiffened cylinders [97]. The header of the striker was a knife-

edge type with a width of 400 mm (see Fig. 3.6b). The mass of the striker was 298 kg for all 

impact tests. 

The experimental procedure used in this investigation is generally similar to that used in 

the previous study [91]. However, in the previous study, Cho et al. [91] released the 

boundaries between impacts to conveniently measure the permanent deflections of the tested 

model. This may have led to damage far less due to elastic spring-back of the beam. In fact, 

ships and offshore structures will not be released between repeated impacts, which are 

different from the test condition in that study. In the current study, therefore, the models were 

firmly fixed at both ends of the model to the fixtures and strong bed of the drop testing 

machine by bolting throughout all impacts to realistically reflect marine structure impact 

problems. The area of the beam outside the location of the impact point was protected with 

rubber sheets in other to avoid secondary damage to the beam. 

Seven impacts were carried out for the models LT-R1 and LT-R2 with the same boundary 

conditions by dropping the striker repeatedly from the same drop height with the same mass 

of the striker. Nevertheless, the models LT-L1 and LT-L2 were tested only for a single-impact 

event with the same impact conditions as those of the room temperature tests. 

Beam model 
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Endplate 

Fixture 
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(a) 

 

(b) 

Fig. 3.6 Drop testing machine: (a) test model in position, (b) details of the striker (unit: mm) 

To obtain strain history information, twelve strain gauges were glued to each model and 

the arrangement of the strain gauges can be found in Fig. 3.7a. Strains were recorded at 

10,000 times per second, using amplifiers and an A/D converter. 
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(a) 

 

(b) 

Fig. 3.7 Arrangement of (a) strain gauges and (b) thermocouples (SG-1,3,…,11,12 are in 

longitudinal direction and SG-2,4,…,8,10 are in transverse direction), (unit: mm) 

For the sub-zero temperature tests, to reduce the temperature for the cold models, cold 

chambers were fabricated with Styrofoam panels and were glued onto the models covering 

the middle parts. The cold chamber was filled with dry ice and ethanol. Before filling the 

cold chamber four thermocouples were glued onto the flat stiffener of the model to measure 

the temperature. The thermocouples were arranged as shown in Fig. 3.7b. The model was 

kept in the cold chamber for approximately 112 min. The temperature histories measured are 

shown in Fig. 3.8. As seen in the figure, approximately 10 min after the cooling was started, 

the temperature of the chamber reached approximately -76 °C and this temperature was 

maintained. Before conducting the impact drop test the chamber was removed from the 

model. When the temperature increased to approximately -50 °C, the striker released from 

the magnet and subsequently impacted the model. 
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Fig. 3.8 Temperature history measured by thermocouples 

The impact location was the mid-length of the beam. After hitting the model, the striker 

rebounded with no control of its motion. To protect the model from further damage by the 

rebounded striker, the surface of the beam except for the impact zone was covered with a 5 

mm thick rubber pad. As result of the rebound velocity of the striker after each impact event, 

the immediately successive second impact with a small sub-drop height of the striker was 

observed visually. It should be noted that its effect on the final deformed shape of the model 

was insignificant. For this reason, the successive second impact would be neglected in the 

finite element simulations. After each impact, the permanent deflection of the model is 

measured using the laser gauge without releasing the bolts. The striker is set at the same 

predefined height for the subsequent impacts of the repeated impact tests. The next impact 

was set and the next measurement was then started again. Thus, the striker impacts the same 

(now deformed) contact area again with the same initial velocity. Table 3.2 presents the 

collision conditions of all tests as well as the measured and predicted permanent deflections. 

3.2.1.4 Impact test results 

The deformed shapes of the tested models are shown in Fig. 3.9. The V-shaped 

deformation with plastic hinges at the impact position and the supports are clearly detected 

in both single impact and repeated impacts cases. 

The maximum permanent deflections around the mid-length of the tested models are 

presented in Table 3.2. For the single impact, the test models showed more deflection at 

room temperature by approximately 18.2% at an impact velocity of 3962 mm/s and 5.9% at 

3132 mm/s compared with those at -50 °C. It may be concluded that the structures under 

impact loading at low temperature can be stiffer than those at room temperature. This is 
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because, as indicated in sub-section 3.2.1.1, both yield strength and ultimate tensile strength 

increased at low temperatures, which results in decreased permanent deflection compared 

with that at room temperature. 

Table 3.2 Test conditions, experimental results and the predictions 

Model 

Striker Maximum permanent deflection 

Imp. 

Drop 

height 

[mm] 

Mass of 

striker 

[kg] 

Initial 

velocity 

[mm/s] 

Exp. 

[mm] 

Num. 

[mm] 

Xm 

(Num./Exp.) 

LT-R1 1st 800 

298 

3961.8 26.0 26.15 1.01 

2nd 43.0 43.06 1.00 

3rd 56.0 54.41 0.97 

4th 70.0 63.35 0.91 

5th 84.0 71.01 0.85 

6th 94.0 77.73 0.83 

7th 104.0 (*108.0) 83.81 0.81 

LT-R2 1st 500 3132.1 18.0 16.72 0.93 

2nd 28.0 29.41 1.05 

3rd 37.0 38.74 1.05 

4th 44.0 45.37 1.03 

5th 50.0 50.48 1.01 

6th 57.0 54.61 0.96 

7th 64.0 (*66.0) 58.09 0.91 

LT-L1 1st 800 3961.8 22.0 (*21.0) 23.83 1.08 

LT-L2 1st 500 3132.1 17.0 (*15.0) 14.94 0.88 

Note: * after releasing boundaries 

For repeated impacts at room temperature, the gradual increase in maximum permanent 

deflections of the tested models can be clearly observed with the number of impacts, whilst 

the increment of the maximum permanent deflections of the tested models slightly decreased 

regardless of impact velocity. However, a faster decrease in the increment of maximum 

permanent deflections can be detected in the case of a lower impact velocity compared with 

that at a higher velocity of impact. 

The strain measurements of the tested models provided more details to understand the 

deformation process of the model during impact. The strain histories are illustrated in Fig. 

3.10 for the first impact of model LT-R2. According to the strain measurements at position 

3 and 4, the flange of the beam was mainly in the longitudinal direction owing to high 

membrane tension, whereas in the transversal direction the strain was compressive. In 
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addition, the strain in the transversal direction approached its permanent value earlier than 

in the longitudinal direction. 

 

 

(a) 

 

 

(b) 

 

 

(c) 

Fig. 3.9 Comparisons of the deformed shape profile of the tested models with the predictions: (a) 

after the 1st impact and (b) after the 7th impact at room temperature (model LT-R2), (c) after single 

impact at -50 °C (model LT-L2) 
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Fig. 3.10 Strain history of the tested model LT-R2 throughout impacts 

3.2.2 Nonlinear finite element modelling 

3.2.2.1 Element and boundary conditions 

The numerical model of the low-temperature single beam under single and repeated mass 

impacts was developed using the commercial finite element software package, 

ABAQUS/Explicit [98]. The numerical model consists of a single beam with end-plates and 

fixtures and a striker as shown in Fig. 3.11a, which is same as in the experiment in terms of 

dimensions and material properties of the test model and mass of the striker. 

 

 (a)                                         (b) 

Fig. 3.11 Finite element model of the test model: (a) 3-D view, (b) close-up view of impact area 

The numerical model was meshed using four-node shell elements with a reduced 

integration scheme (S4R), and hourglass control and finite membrane strains were used. 
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Thickness integration was performed using the Simpson rule with five integration points 

through the thickness. The striker was modelled as a rigid body using the R3D4 element. All 

types of element formulations are the default in ABAQUS/Explicit. 

To obtain accurate and reliable numerical results and reduce the time of analysis, 

convergence tests were performed. After the convergence tests, a properly sized finite 

element mesh was adopted in each model. The zone which contacts with the striker was 

modelled with fine meshes, 2 mm × 2 mm. The size of the elements far from the contact 

zone was 5 mm × 5 mm. Some median mesh sizes were used in the transition regions as 

shown in Fig. 3.11b. The FE representation of the support fixtures was used to simulate the 

experimental clamped boundary conditions of the single beam and striker using a relatively 

coarse mesh of shell elements with a side length of approximately 20 mm. 

To provide an accurate representation of the experimental support and simplify the 

numerical model, part of the supporting structures is modelled as fixed as shown in Fig. 

3.11a. The fixtures were fully fixed (Ux, Uy, Uz, Rx, Ry, Rz = 0) at four bottom bolt holes 

and the inside part of the base of the fixtures were fixed in the vertical direction (Uz = 0) to 

simulate the experimentally clamped boundary conditions of the beam. For the striker, the 

mass and velocity were applied to the reference points shown in Fig. 3.11a to simulate the 

expected impact energy for the impact problem. It is noted that the motions of the rigid 

striker were governed by the motions of the reference points by assigning the initial collision 

velocity for the reference point in the vertical direction. 

3.2.2.2 Contact relationships 

Because no bolt fracture was observed in the impact test, the “Tie” constraints were used 

to simulate the fully-bolted connections between endplates linked to the beam and the 

fixtures. This algorithm of constraint makes the translational and rotational degree of 

freedom same as for the pairs of surfaces. A “surface-to-surface contact” option from 

ABAQUS library was applied in the numerical model. The penalty and “hard” contact 

methods were used to define the tangential and normal interaction behaviour of the possible 

self-contact among the parts of the model during impacts, and the friction coefficient 

between the endplate and the fixture and between the flange of the beam and the striker was 

set to be 0.3 [99]. 

3.2.2.3 Material definitions 

Since the definition of the model material is most important, the mechanical properties of 
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the material used in the numerical model are obtained from the series of tensile tests 

conducted as described in the previous section. Because the engineering stress-strain curve 

does not give a true indication of the deformation characteristics of a metal, it is necessary 

to use the true stress-strain curve representing the basic plastic-flow characteristics of the 

material [100]. Thus, the engineering stress-strain curve obtained from the standard tensile 

coupon test was used and converted into the true stress-strain curve as shown in Fig. 3.3. In 

this study, however, the isotropic hardening model was simply applied based on the 

monotonic tensile test performed in the current study. The adequacy of applying this 

isotropic hardening model for repeated impact simulations was confirmed by Minamoto at 

al. [88] and Henchie et al. [19]. 

The true stress σtr and the true strain εtr are expressed in terms of the engineering stress σ 

and the engineering strain ε [100]. 

 1tr     (3.1) 

 ln 1tr    (3.2) 

In case of the material of supported fixture, DH36 grade steel (yield strength 385.1 MPa, 

ultimate tensile strength 552.1 MPa and Young’s modulus 206000 MPa), the exact 

engineering stress-strain curve is not available. Therefore, the constitutive model presented 

by Park [101] was used herein to determine the corresponding strains as well as to construct 

the true stress-true plastic strain curve for the nonlinear analysis in ABAQUS/Explicit. It is 

noted that the true values were calculated using Eq. (3.1) and (3.2). 
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constantHS  , 0.02286 for marine steel (3.4) 

By substituting the stresses and strains obtained from Eqs. (3.1) - (3.4) into Eqs. (3.5) - 

(3.7), the constitutive equation can be obtained considering the yield plateau and the strain 

hardening. Figs. 3.3 and 3.12 show the true stress-strain curve used in the analyses, which 

were implemented in ABAQUS/Explicit as tabulated data. 
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where σY is engineering yield strength, σT is engineering ultimate tensile strength, σHS,tr is 

true hardening start stress, σT,tr is true ultimate tensile strength, εT is engineering ultimate 

tensile strain, εHS,tr is the hardening start strain and εT,tr is true ultimate tensile strain. 

 

Fig. 3.12 True stress-plastic strain curve of the fixture applied in the current simulation 

It is noted that the true stress-strain relationship beyond necking is better represented by 

Eqs. (3.7) - (3.9) for the model and fixture because Eqs. (3.1) and (3.2) is applicable only 

until the maximum load. The similar method for the material definitions has been reliably 

applied for impact simulation of steel structures in many studies [102-105]. 

In addition, because the yield strength of steel under dynamic loading is sensitive to strain 

rate, the dynamic flow stress of steel increases with increasing strain rate. The Cowper-

Symonds constitutive equation [106] widely used for structural impact problems is used here 

to simulate the strain-rate sensitive behaviour of the beams under repeated impact loadings. 

The Cowper-Symonds constitutive equation is expressed as follows: 
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where σYD is the dynamic yield stress at uniaxial plastic strain rate, σY is the associated static 

yield strength,   is the equivalent strain rate, and D and q are material constants for a 

particular material. These constants provide a reasonable estimate of the dynamic flow stress 

recorded during many dynamic, uniaxial and constant strain rate tests on a specific material. 

It should be noted that because the models were not loaded until fracture in the 

experiments, hardening curve only, no failure models to simulate fracture were incorporated 

in the current simulations. 

Because the actual experimental program did not include dynamic tension tests to 

determine the material constants in Eq. (3.10), their magnitudes are obtained from the 

literature. Eq. (3.11) is the formula to estimate the material constant D [107] and the material 

constant q was assumed to be 5. It is noted that the unit of σY in this equation is MPa. 
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 (3.11) 

In the numerical model, Rayleigh damping was applied to overcome the elastic vibrations 

which were caused by impact and it provides quick static equilibrium state. Rayleigh 

damping consists of mass proportional Rayleigh damping, αR, which damps the low 

frequencies and stiffness proportional Rayleigh damping, βR, which damps the higher 

frequencies [98]. Only the former is used herein to include a damping matrix in the dynamic 

analysis which is obtained by multiplying the mass matrix of the system with the coefficient 

αR. The coefficient αR was set as the lowest natural frequency of the model (it can be the 

most prominent modes at which the beam will vibrate) which was obtained using an 

eigenvalue analysis. 

3.2.2.4 Repeated impact scenario 

The repeated impacts were simulated by performing the calculations repeatedly. After 

each impact, simulation of the artificial material damping was introduced in the model, and 

the calculation was then performed until all residual vibration of the model disappears. The 

same initial velocity was then given to the striker to simulate the later impacts, and the next 

impact simulation was started again until the seventh impact. In each of the restarted analyses, 

the deformed shape, residual stresses and strain in the current model due to the previous 

impact were preserved by editing the predefined field function of ABAQUS/Explicit [98] 

with the initial state field applied. 
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3.2.3 Results and discussion 

3.2.3.1 Deflection evolution 

Fig. 3.9 shows the comparisons of the damage modes between the experimental results 

and predictions for a single beam subjected to repeated impacts at room temperature and a 

single mass impact at a sub-zero temperature with different impact velocities. Quite similar 

deformation shape simulations were achieved compared with those of test results. 

Fig. 3.13 shows the maximum permanent deflections against the number of impacts from 

the simulation and the test. In general, the numerical results demonstrate reasonable 

agreement with the experimental results, especially the lower impact velocity model (LT-R2, 

3132 mm/s) and the first three impact events of model LT-R1. The discrepancy during the 

last four impacts as depicted in Fig. 3.13 for the model with a higher impact velocity (LT-

R1, 3962 mm/s) may be attributed to the modelling of the bolt connections using only 

simplified tie constraint which has the higher stiffness than that of the real bolt. It is clear 

that when the model under higher impact velocity, some tension of the bolt and deformation 

of the structural base were experimentally detected while using simplified boundary 

conditions (without the bolts and structural base) showed no deformation at the bolt 

connections (see Fig. 3.14a). It is also apparent from Fig. 3.13 that the increment of 

maximum permanent deflections gradually decreased with increasing number of impacts. 

Moreover, it can be seen from Table 3.2 that the maximum permanent deflections of the 

tested models at the first impact clearly decreased when the temperature decreased owing to 

the higher mechanical properties of models at lower temperatures. 

 

Fig. 3.13 Maximum permanent deflection against number of impacts 
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(a) 

     

(b) 

Fig. 3.14 Rotation of the end plate after the 6th impact: (a) model LT-R1, (b) model LT-R2 
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3.2.3.2 Strain history 

The strains were measured during drop tests in the two room temperature tests. Fig. 3.10 

shows the longitudinal and transversal strain histories of model LT-R2 in the vicinity of the 

impact location from the first impact. It can be seen that the strain histories from the 

numerical approach and experimental one are reasonably consistent, whereas the transient 

values show somewhat different tendency except that of SG-4. 

3.2.3.3 Impact force 

Considering the larger uncertainty in the impact tests compared with that of the static 

experiment, a reasonable agreement has been achieved in this study. After substantiating the 

numerical analysis method of this study, further numerical analyses were conducted to 

investigate the effects of repeated impacts on the response of beam structures at room and 

sub-zero temperatures. 

Fig. 3.15 shows the simulated impact force for a series of seven repeated impacts with 

3962 mm/s and 3132 mm/s for models LT-R1 and LT-R2, respectively. The first impact 

yields the lowest maximum contact force and the longest impact duration. As the number of 

impacts increases, the maximum contact force increases while the impact duration decreases 

significantly. In other words, when the number of impacts increases the material can recover 

the elasticity, which was already confirmed by Huang et al. [86] and Cho et al. [91]. 

 

Fig. 3.15 Impact force histories of seven impacts of model LT-R2 

3.2.3.4 Rebound velocity of striker 

0

50

100

150

200

0 0.1 0.2 0.3 0.4 0.5 0.6

Im
p
a
c
t 

fo
rc

e
 [

k
N

]

Time [sec]

LT-R2_1st impact LT-R2_2nd impact

LT-R2_3rd impact LT-R2_4th impact

LT-R2_5th impact LT-R2_6th impact

LT-R2_7th impact



45 

The velocity histories of the striker are depicted in Fig. 3.16. It shows the increase in the 

rebound velocity depending on the increase in the number of impacts. Accordingly, the 

increase in the rebound velocity indicates the increased accelerations and impact forces. 

 

Fig. 3.16 Velocity histories of striker for seven impacts of model LT-R2 

3.2.3.5 Effect of boundary conditions 

The end plate and the fixture may not dissipate a significant amount of energy. However, 

their effect on restraining the axial displacement and rotation of the beam affects the 

membrane resistance of the beam. To clarify this issue, the effect of idealizing the boundary 

conditions is assessed by comparison with the full modelling the experiment conditions. 

Three types of boundary conditions as shown in Fig. 3.17 were considered: (case 1) the beam 

was fully fixed at its ends, (case 2) the test model was modelled as a beam with end plates 

in which all bolt holes of the end plates were fully fixed, and (case 3) the test model was 

modelled as a beam with endplates and fixtures in which all bolt holes of the base of the 

fixture were fully fixed. It is noted that shell elements were used for all cases, and tie 

constraints were applied to model the bolt connections between the endplate and the fixture. 

A comparison is made for the impact conditions of LT-R2. The maximum permanent 

deflection against the number of impacts is shown in Fig. 3.18. 

Case 3 (full model) approximates the experimental plastic response well, and the other 

cases are less accurate. For cases 1 and 2, very similar results were obtained for the first 

impact, but for repeated impacts in terms of maximum permanent deflection prediction, they 

do not give better predictions than the cases 3. Again, for both cases 1 and 2 (beam only and 

beam with endplate), the deflections reached throughout seven impacts are generally 

underestimated by the numerical models. Generally, case 3, which closely represent the 
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actual case gives the best prediction of this point except for the last two impacts owing to 

the higher stiffness of the fixture and the limitation of the tie constraint simulating the 

connections between the fixture and the endplate. 

 

Fig. 3.17 Variations of boundary conditions: (a) Beam only (case 1), (b) Beam with endplate (case 

2), (c) Beam with endplate and fixture (case 3) 

 

Fig. 3.18 Effect of boundary conditions on maximum permanent deflection of models 

It is concluded that the effect of the boundary conditions on any finite element analysis 

for repeated impact problems should be considered as very important. The definition of the 

boundary conditions cannot be a rigid clamp at the ends of the model because the 

experimental set-up cannot be represented in a perfectly fully clamped condition, especially 

for repeated impact loadings applied where the experimental supports have a strong effect 

on the results. 
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It is known that the definition of strain rate hardening is important and can be also an error 

source in numerical predictions of impact dynamic problems. Therefore, the consideration 

of strain rate effect through choosing material constant coefficients in the Cowper-Symonds 

equation, Eq. (3.10), can be numerically discussed. For the Cowper-Symonds equation, the 

commonly used coefficients are D=40.4 s-1 and q=5 for mild steel, D=3200 s-1 and q=5 for 

high tensile steel and D can be also calculated using Eq. (3.11) and q=5 as mentioned in 

section 3.3. Recently, Choung et al. [108] proposed the equation (3.12) for prediction of the 

Cowper-Symonds constant D as a function of strain rate and true plastic strain. It should be 

noted that since the exact coefficients of determination D for the current low-temperature 

steel (LT-FH32) is not available, the coefficients proposed for the similar material, namely 

EH36 grade steel, as in Table 3.3, were appropriately assumed for the current single beam 

model. 

2

C C pD      (3.12) 

where αC and βC are the coefficients as give in Table 3.3, and εp is the true plastic strain. 

 
Table 3.3 Coefficients for determination of D (s-1), at room temperature [108] 

 *EH36 DH36 

αC 3.72×105 5.56×104 

βC 9.40×106 8.54×106 

Note: * applied for single beam model. 

 

Fig. 3.19 Effect of definitions of strain-rate hardening on maximum permanent deflection of model 

LT-R2 
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definitions affect the permanent deflection of a repeatedly impacted beam, the tested model 

LT-R2. The actual maximum permanent deflections that were obtained in the test are also 

shown in the figure for comparison. It is evident that the tendencies of overall response are 

not affected significantly by the strain-rate hardening definitions. However, underestimation 

of deflection was observed for all impact events, and the maximum permanent deflection 

and its increment were considerably decreased when the method of predicting D proposed 

by Choung et al. [108] was applied. It is apparent that for the cases using D proposed by 

other researchers, the maximum permanent deflection slightly depends on the selected 

constant D, which slightly increases or decreases the stiffness of the model. 

3.3 Parametric study 

3.3.1 Introduction 

In this section, several parameters are varied to investigate the effects of these changes on 

the impact response of single beams. The impact conditions such as impact locations, impact 

velocity and striking mass are considered. As a basis, the test conditions and the scantlings 

of LT-R2 are adopted. Finally, a simple yet accurate formula was empirically derived using 

nonlinear regression analysis of the parametric study results. 

3.3.2 Effect of impact location 

The deformed shapes of a beam impacted at different locations along its length are 

depicted in Fig. 3.20. In the numerical investigations, the mass and impact velocity of the 

striker were assumed to be 298 kg and 3132 mm/s, respectively. Fig. 3.21 shows the effects 

of impact locations on the evolutions of the permanent deflections at the mid-length of the 

model. The impact location varies 100 mm from the mid-length towards the vicinity of the 

support. It can be observed that there are smaller deflections when the impact position is 

near the supports. It may indicate that in the initial design stage the mid-length impact can 

be considered. 

Before impacts After 1st and 7th impacts 

 
At mid-length 
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At 100 mm away from mid-length 

 

 

 
At 200 mm away from mid-length 

 

 

 
At 300 mm away from mid-length 

 

 

Fig. 3.20 Different impact locations and corresponding deformed shapes of the models 

 

 

Fig. 3.21 Effect of impact location on the maximum permanent deflection of models 

3.3.3 Effect of striking mass 
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curves shown in Fig. 3.22 indicated, the increase in M proportionally increases the impact 

energy to be absorbed and leading to larger deflections. As expected, the deflection is 

increased with the number of impacts regardless changing the striking mass. In addition, it 

is evident from Fig. 3.23 that the impact response in terms of the beginning impact force 

essentially does not differ for all values of striking mass. Essentially, the duration of response 

increases with an increase in striking mass, as shown in Fig. 3.23. A more massive object 

requires more force to accelerate it and it takes more time to rebound. Accordingly, for a 

heavier mass, the duration of impact is longer. 

 

Fig. 3.22 Evolution of maximum permanent deflection for various striking masses 
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Fig. 3.23 Impact force time histories for various striking masses 

3.3.4 Effect of impact velocity 

Next, the impact energy is varied by increasing V0, the impact velocity. The impact energy 

is proportional to the square of V0, and accordingly, for larger impact velocities, the energy 

to be dissipated will result in larger deflections, as shown in Fig. 3.24. Also, the deflection 

is significantly increased with the number of impacts regardless of varying impact velocities. 

Moreover, as shown in the previous section, the strain rate is linearly proportional to V0. The 

impact force time history for various impact velocities, which are shown in Fig. 3.25, remark 

the strengthening effect of strain rate. 

 

Fig. 3.24 Evolution of maximum permanent deflection for various impact velocities 
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Fig. 3.25 Impact force time histories for various impact velocities 

 

3.4 Simplified analytical method 

3.4.1 Introduction 

For the prediction of the extent of collision damage, most researchers employ numerical 

analysis methods using commercial software packages such as ABAQUS, LS-DYNA and 

ANSYS. They are appropriate for the analysis of the marine structure to impact load, but 

their operation may be considered overly expensive and time consuming for design purpose. 

Like other structural problems, any nonlinear dynamic analysis method should be 

substantiated with relevant test data prior to being employed design. Unfortunately, the full-

scale impact tests on marine structures are very rare. Still, the results from impact tests on 

marine structural elements can help to substantiate the theoretical method for impact 
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analyses. Therefore, it is essential that any simple, design-oriented methods for marine 

structure impact analysis be developed. 

In this study, a simple analytical method for prediction of the extent of damage to beam 

subjected to repeated impact is proposed. The assumption adopted in the proposed method 

as follows: (i) the kinetic energy of the striker (0.5MV0
2) can be dissipated by the plastic 

deformation of the struck beam and the elastic spring-back of the beam, where M is the mass 

and V0 is the initial impact velocity of the striker; (ii) the deformed shape of the struck beam 

can approximated by two straight bars separated by plastic hinges, see in Fig. 3.26. 

 

(a) 

    

(b)           (c) 

Fig. 3.26 (a) Represented mid-longitudinal beam together with assumed deformed shape, (b) cross-

section of the beam and (c) cross-section of the ends of the beam (unit: mm) 

Consider a beam which is fully clamped at both ends, is struck at the mid-span by a mass 

M travelling with an initial velocity V0, see also in Fig. 3.26 (a). To represent the actual 
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model, the deformed shape assumed in Fig. 3.26 (a) is for the collision by a knife edge striker 

header. 

3.4.2 First impact 

It is assumed that the beam can absorb total energy through the rotation of plastic hinges 

formed at the impact point and supports and through the membrane plastic tension in the 

beam. The total energy can be expressed by Eq. (3.13). The energy dissipated by the 

membrane plastic tension and rotation of the plastic hinges in the beams can be expressed as 

Eqs. (3.14) and (3.14), respectively. 

total b t p p YdU U U M dL dV        (3.13) 

Ut is the dissipated energy by the membrane plastic tension of the stiffener flanges; Ub is 

the dissipated energy by the rotation of plastic hinges of the stiffener flanges: 

2t YDU A L   (3.14) 

where  

2

1 1
w

L L
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 '2b p pU M M    (3.15) 

where pM  and 
'

pM  are the fully plastic moment of the beam at mid-length and ends, as 

Eq. (3.16a-3.16b), A is the cross-sectional area of the beam at mid-length, and   is the 

rotational angle, Eq. (3.16c). 
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1tan
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      (3.16c) 

where d and db are the distance to the plastic neutral axis of the beam cross-section from the 

upper surface of the flange for mid-length and ends, respectively, as shown in Figs. 3.26b 

and 3.26c, can be written as Eqs. (3.17a) and (3.17b), respectively. 
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Initial kinetic energy (Ek) and rebound kinetic energy (Erk) of the striker can be written as 

Eqs. (3.18a) and (3.18b), respectively. 

2

0

1

2
kE MV  (3.18a) 

21

2
rk rE MV  (3.18b) 

Then energy absorbed by the beam can be expressed as Eq. (3.19). 

 2 2
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2
bk k rk rE E E M V V     (3.19) 

When the total dissipated energy equals to the difference of the initial kinetic energy and 

the kinetic energy of the rebounded striker, the plastic deformation then stops and the lateral 

deflection at that moment can be predicted using the following relationship. 
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 (3.20) 

To consider the strain rate effects the Cowper-Symonds equation [101], Eq. (3.10), was 

applied. 
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where D and q are the material constants, q was assumed to be 5 and D can be obtained from 

the Eq. (3.11). 

And   is the equivalent strain rate, it can be obtained as follows: 

2 2

2

0

0

1 1
t

w L L
V wL

w w L

V






 
 

       
  
 

 (3.22) 

Substituting Eq. (3.22) into Eq. (3.21), the Eq. (3.21) can be rewritten as: 

0.2
2

0 1 1

1
2

Y T
YD

w
V

L

w
DL

L

 


   
                

   
    

    

 (3.23) 

Now Eq. (3.20) could be regarded as the result of the first impact of a series of repeated 

identical and independent impacts of the mass M on the beams. It is assumed that the second 

impact occurs after the beam motion has ceased. Eq. (3.20) remains valid for the second 

impact when disregarding the presence of the first mass on the beam. 

3.4.3 Repeated impacts 

To study the response of the beam under repeated mass impacts, the same method 

developed for the first impact can be applied for the subsequent impacts based on the 

following assumptions: (i) the beam with residual deformation caused by the previous 

impacts still remains the same before the next impact; (ii) the strain rate sensitivity estimated 

from the first impact remains unchanged for subsequent impacts; (iii) the cross-section of 

the beam and the impact position are unchanged during the repeated impacts. 

From the experiments and numerical simulations, it was noticed that the ratios of the 

rebound velocity to the initial impact velocity of the striker kept increasing in the repeated 

impacts (see Fig. 3.16). This implies that the dissipated energy by the impacted beam 
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becomes smaller with the increase in the number of impacts. 

The equation to estimate the rebound velocity, Eq. (3.24), was empirically derived by a 

regression analysis of the numerically predicted results for the single beam and grillage (in 

Chapter 4). The accuracy and reliability of the predictions using the proposed equation are 

acceptable, where the ratios of the prediction by the equation to the numerical estimation 

provided the mean and coefficient of variation (COV) of 0.992 and 6.39%, respectively. 
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 (3.24) 

where N is the number of impacts, 
 , 2 / 2

k
E e

Y str

E
R

V E
  is the energy ratio of initial kinetic 

energy to the elastic strain energy storing capacity of the structures, and M

str

M
R

V
  is the 

ratio of striker mass to the mass of the structures, M is the mass of striker, Vstr is the volume of 

the beam, E is Young’s modulus, σY is the yield strength, and ρ is the density of the beam. 

Even though Eq. (3.24) is given in the non-dimensional form, this equation is valid for 

limited cases similar to the tested models (single beam and grillage models). Thus, this 

equation is not suitable for structures made from different materials and having different 

dimensions and geometries. In this circumstance, the determination of striker rebound 

velocity through the empirical Eq. (3.24) must be replaced by theoretical predictions or 

numerical calculations on the elastic behaviour of structures. 

 

Fig. 3.27 Deflection profile and the associated a mass acting on the beam for first two impacts 

It is evident from Fig. 3.27 that for the second impact the changes of the length of the half 

of the beam and the angular rotation of the beam can be expressed as Eqs. (3.25) and (3.26), 
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respectively. 
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Similarly, for the subsequent impacts: 
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for ith impact, i=3, 4, 5… 

From Eq. (3.20), the extended equation for the subsequent impacts can be expressed as 

follows: 
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where iw  is the change in maximum deflection of the beam of the ith impact, and 
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 (3.30) 

The final maximum deflection of the beam can be expressed as Eq. (3.32) 
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n i
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w w w


    (3.31) 

It is clearly seen from Fig. 3.27 that the change in maximum deflection of the first impact 

is also the maximum deflection of the beam after the first impact. 
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3.4.4 Analytical predictions and discussion 

The analytical and experimental results are summarised in Table 3.4 and plotted in Fig. 

3.28. In addition, the numerical results of the same model used in the current analytical 

models were reported, as well as the numerical predictions of the tested models were 

included for comparison (see Fig. 3.28). Note that in the rigid perfectly plastic analysis, 

strain hardening was simply taken into account using the mean of corresponding yield and 

ultimate strengths of models, and the strain-rate hardening using Cowper-Symonds equation 

was only applied at fixed strains. These possibly were the sources of error of the maximum 

deflection of the beam. 

Table 3.4 Comparisons of numerical predictions with test results for permanent deflection of the 

single beam 

Impact 

LT-R1 LT-R2 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

1 26.0 16.587 22.608 0.638 18.0 10.757 15.264 0.598 

2 43.0 26.758 36.442 0.622 28.0 17.971 25.193 0.642 

3 56.0 35.006 47.284 0.625 37.0 23.704 32.822 0.641 

4 70.0 41.998 56.252 0.600 44.0 28.619 39.325 0.650 

5 84.0 48.196 63.887 0.574 50.0 33.010 45.037 0.660 

6 94.0 53.838 70.616 0.573 57.0 37.031 50.114 0.650 

7 104.0 59.064 76.676 0.568 64.0 40.772 54.667 0.637 

Impact 

LT-L1 LT-L2 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

1 22.0 14.904 20.904 0.677 17.0 9.576 13.858 0.563 

Note: * denotes the actual beam (having endplates and fixtures) which was simplified as the clamped beam 

only. 
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(b) Model LT-R2 

Fig. 3.28 Variation of permanent deflections of the models for various methods 

As seen from Fig. 3.28 and Table 3.4, underestimated deflection of the LT-FH32 grade 

single beam for whole impact events. It can be explained that, in this study, the assumed 

deformation shape of the beam is composed of flat segments, i.e. the beam was assumed as 

rigid segments with plastic hinges at ends and mid-length of the beam, as shown in Fig. 3.26. 

In the actually deformed models, however, there was a local deformation at impacted region 

and deformation curvature of the ends of the beam (see Fig. 3.9 for illustration). It seems 

likely that if this local deformation and curvature were considered in assuming the 

deformation shape, improved predictions can be expected. It is clear that the equations will 

be more complicated if the more realistic deformed shape is assumed. Moreover, the fully 

plastic moment which was over-calculated at the ends of the beam due to the assumption of 

cross-sectional area at the mid-length of the bracket (see Fig. 3.26c), as well as strain 

hardening is of the mean of yield and ultimate strengths may also unrealistic material 

definition particularly. Furthermore, the fully clamped boundaries were assumed for the 

beam in the current analytical method, implying there is no any translations and rotations at 

the ends of the beam, while in the tests, both deformation and rotations of the ends of the 

beam were detected considerably, consequently led to deflection of the beam greater. It is 

clear from the figure that the numerical models which closely represented the tested models, 

good agreement between the test results and predictions were observed. Further 

improvement of the current analytical method may be achieved when considering realistic 

boundary conditions and strain rate hardening materials in the analysis. It is also desirable 

that repeated tests seem to be necessary, especially on a full-scale model where the higher 

kinetic energy of the striker is employed to investigate imitation fractures of the models due 

to repeated impacts. 
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3.5 Closed-form design formula for prediction of 

deflection evolution 

Prior to deriving the design formulation, the tendencies of important non-dimensional 

design parameters were investigated based on the results of rigorous parametric studies 

performed, as shown in Fig. 3.29. The important non-dimensional parameters affecting the 

deflection evolution found are the ratio, Ek/(Mpt/L), 1000Ek/(σTεTVstr), mass ratio, M/(ρVstr) 

and impact numbers, N. As seen in the figure, the extents of damage are monotonically 

increased according to the non-dimensional design parameters except for the number of 

impacts. When the impact numbers increased, the increment of damage extents tended to 

decrease and have certain values. 

Based on the above results, a closed-form formula may be derived empirically by 

regression analysis to predict the evolution damage of the single beam as follows: 

     
0.8

0.07 0.68 0.14
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1 0.02

E p E r M
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 (3.32) 

where ,

1000 k
E p

T T str

E
R

V 
 is the ratio of initial kinetic energy to the plastic strain energy storing 

capacity of the beam, 
 ,

/

k
E r

p

E
R

M t L
  is the ratio of initial kinetic energy to the plastic 

hinge rotation energy dissipated by the beam, and M

str

M
R

V
  is the ratio of striker mass to 

the mass of the beam, t is the thickness of flange of the beam, L is the half length of the beam, 

Vstr is the volume of the beam, M is the striker mass and ρ is the density of the beam. Note 

that σT and εT were determined using Eqs. (3.33) and (3.3), respectively, which were taken 

from Ref. [101]. 

2.5

1 1.3
1000

T Y

Y

E
 



  
    
   

 (3.33) 

 



62 

 

 

 

0

2

4

6

8

10

0 2 4 6 8

w
/t

Number of impacts N

M298_V4000

M298_V3000

M400_V3000

M400_V2000

M298_V5000

0

1

2

3

4

5

6

0 5 10 15 20

w
/t

M/(ρVstr)

M298_V3000

M100_V3000

M400_V3000

0

2

4

6

8

10

0 5 10 15 20

w
/t

Ek/(Mpt/L)

M298_V4000

M298_V3000

M400_V2000

M100_V3000

M400_V3000

M298_V5000

1st impact 

7th impact 



63 

 

Fig. 3.29 Tendency of damage extent of the beams against typical non-dimensional parameters 

 

Fig. 3.30 Comparison of the predicted deflection evolution of the beam using the proposed 

formulas with the numerically observed data 
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of low-temperature steel (LT-FH32) to a single impact and repeated impacts at a sub-zero 

temperature and room temperature, respectively. Seven identical impacts were repeatedly 

applied using a striker with a knife-edge header dropped from the same drop height 

throughout the impacts. Two models were tested at room temperature, and the other two 

were tested at the sub-zero temperature (approximately -50 °C). In the numerical study, strain 

hardening was considered by using the tensile test results and strain-rate hardening was 

considered by adopting the Cowper-Symonds constitutive equation along with the material 

constant proposed by other researchers. In addition, after validating the numerical analysis 

model against the tested data, further computations were also performed to gain insight into 

the impact forces and rebound velocity of the striker during impact and the effect of different 

impact positions, materials, and boundary conditions. From the results of this study, the 

following conclusions may be drawn: 

The material properties of low-temperature steel were obtained through tensile tests at 

various temperature levels, considering room temperature, -30, -50, and -70 °C. Yield 

strength, tensile strength, and strain gradually increased with decreasing temperature. 

The permanent deflections at the sub-zero temperature are smaller than those of the room 

temperature tests; this was also confirmed by Cho et al. [91] and Min et al. [96]. 

The maximum permanent deflections of the beam significantly increased with increasing 

number of impacts regardless of impact velocity. However, the increment of maximum 

permanent deflections decreased with increasing number of impacts, in which they 

decreased faster in the case of the lower impact velocity than in the higher impact velocity 

case. 

The numerical analysis model developed in this study can predict the permanent 

deflections of beam structures subjected to repeated lateral impacts at room temperature and 

a single impact at sub-zero temperatures with reasonable agreement. 

As the number of impacts increases, the maximum contact force increases while the 

impact duration decreases significantly. In other words, when the number of impacts 

increases the material can recover the elasticity; this was confirmed by Huang et al. [86]. 

Smaller deflections can be observed when the impact location is near the supports owing 

to the higher stiffness of the impact location, and smaller rotations occur, resulting in 

decreased deflection of the beam. 

The material properties have an effect on the behaviour of the beams when subjected to 

repeated mass impacts. Increasing the yield strength of the beam decreased the maximum 
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permanent deflections of the beam regardless of changes in temperatures and number of 

impacts. However, these effects are clearly observable when reducing the temperature from 

room temperature to -30 °C and -50 °C. 

The numerical simulation results are very sensitive to the means by which the supports 

are modelled. As expected, the full model similar to the experimental models gives a better 

prediction of the plastic behaviour of the beam under repeated mass impacts. 

The effect of strain rate hardening is numerically investigated. It is observed that in this 

particular study, the strain rate hardening definition considering coefficient of Cowper-

Symonds equation, D as a constant during impact, was insignificantly affected to the 

accuracy of numerical simulations. However, when the method of predicting D that varied 

with true plastic strain was applied, underestimation of deflection was observed for all impact 

events, and the maximum permanent deflection and its increment were considerably decreased. 

A simplified analytical method is proposed for prediction of the evolution of damage to 

beams subjected to repeated mass impacts. So far, considering the large uncertainty of impact 

analysis, reasonable agreement between the analytical prediction and test results of the beam 

was observed. The discrepancies are presumably due to the simple boundary conditions 

assumed and the negligence of the energy dissipation by the elastic vibration of the beam 

and fixtures. For more rational marine structural design against repeated mass impacts, 

further improvements of the proposed analytical method seem required. 

Using the results obtained through extensive numerical simulations, simple and accurate 

design formulae to predict the evolution damage of single beams due to repeated mass 

impacts were derived as a function of non-dimensional impact parameters, mass ratio and 

the number of impacts. The derived simple formulae are in good agreement with the 

numerical analysis results. 
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Chapter 4 

Repeated mass impact response of 

grillage structures 

4.1 Introduction 

Ships and offshore platforms may operate at sub-zero temperatures, especially in arctic 

environments. During service life in the Arctic sea, these structures may repeatedly contact 

with ice floes. Moreover, at sub-zero temperatures, structures may have more brittle 

behaviour, affecting their performance in service. In the available literature, there are a few 

studies interested in the single and repeated impact response of marine structures at low 

temperatures [91, 96, 109-112]. In the case of single impact tests, Min et al. [96] conducted 

an experiment associated with the plastic deformation and fracture of three single beams 

made of DH36 grade steel subjected to impact loads at -30 °C and -50 °C. Cho et al. [91] 

also performed sub-zero temperature (-50 ºC) impact tests on two single beams made of 

DH32 grade steel. Min and Cho [109] studied on fracture of polar class vessel structures 

under lateral mass impact. Truong et al. [110] also conducted the single mass impact tests on 

two single LT-FH32 grade steel beams at -50 °C. Kim et al. [111] performed impact tests at 

-60 °C for one unstiffened and one stiffened plates made of DH36 grade steel. Noh et al. 

[112] studied experimentally and numerically on the crashworthiness of icebreaker steel of 

EH32 and FH32 under impact bending load generating by a dropped rigid striker. For 

repeated impact tests at sub-zero temperature, Cho et al. [91] reported five consecutive 

lateral impact tests on two single beams made of DH32 grade steel at -50 °C. In that study, 

although the boundary conditions were expected to be fixed, boundaries in the experiments 

were changed because of the evolution of the repetition. 

In this chapter, the response of steel grillage structures is investigated. Grillage structures 
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can be used for various onshore and offshore structures. However, stiffened plates can be 

represented by the corresponding grillages employing the effective breadth concept [113, 

114]. Several researchers have investigated the response of grillages to dynamic loadings. In 

particular, Jones et al. [115] performed experimental tests on clamped metal beam grillages 

with rectangular cross-sections, which were struck transversely by a centred mass. Shen and 

Jones [116] presented an approximate theoretical analysis of the dynamic plastic response 

of a clamped beam grillage struck transversely a centred mass which produces large 

transverse displacements. The theoretical rigid-plastic predictions were compared with 

recent experimental results for grillages struck by large masses and the predictions of a quasi-

static analysis method. Kormi et al. [117] numerically investigated the response of metallic 

(aluminium and steel) beam grillages to impact loading using the ABAQUS finite element 

software package.  

Repeated mass impacts from ice floe contact are unlikely to occur at room temperature. 

Sub-zero temperature conditions are a more realistic concern in this case. Unfortunately, few 

results from tests are available in the literature for tests on grillages subjected to repeated 

mass impacts at sub-zero temperatures. For that reason, the current study aims to investigate 

the effects of sub-zero temperatures and repeated impacts on the dynamic responses of 

grillage structures, which may be useful in the safety design of ships and offshore platforms 

in arctic regions. The tests provide a better understanding of the realistic deformation of 

structures due to impacts because the boundary conditions of the tests are more realistic than 

those for tests on single beams that use releasing boundaries [91] and ideally fixed boundary 

conditions [110].  

This study investigated the effect of repeated mass impacts on the responses of steel 

grillages, which were represented by one longitudinal stiffener and two transverse stiffeners 

for the stiffened plates of ships or offshore structures. Repeated impact tests were conducted 

on grillages fabricated from general-purpose constructional steel at room and sub-zero 

temperatures (-50 °C). Repeated impacts were applied by a knife-edge striker released using 

a drop testing machine. Permanent deflections were measured after each impact test. The 

ends of the models were fully fixed onto the strong bed of the drop testing machine by strong 

fixtures and bolts. Additionally, numerical analyses were conducted using the commercial 

software package ABAQUS [98] to predict deflection damage to the tested models. The 

calculations considered both strain and strain-rate hardenings. Strain hardening was 

determined using the stress-strain relationships obtained from the quasi-static tensile tests 

conducted in this study. The strain-rate hardening model was applied by adopting the 

equations provided by Park [101]. Comparisons of numerical predictions and test results 

showed reasonable agreement. After substantiating the tested results, further calculations 
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were carried out to evaluate the effects of variations in boundary conditions on the response 

of grillages to repeated mass impacts. 

4.2 Dynamic repeated mass impacts on grillage structures 

4.2.1 Details of experiments 

4.2.1.1 Material properties 

To obtain the material properties of the grillage test models, tensile tests were conducted 

on the parent plate of the two model parts: the longitudinal and transverse stiffeners.  

Table 4.1 Mechanical properties of grillage test model component material 

Property Unit 
Temp. 

[°C] 
Longitudinal beam Transverse beam 

Thickness, t  mm 

Room 

9.85 14.85 
-30 

-50 

-70 

Yield strength, σY  MPa 

Room 335.96 358.25 

-30 383.40 402.82 

-50 402.62 432.79 

-70 - 445.02 

Ultimate tensile strength, σT  MPa 

Room 493.85 432.06 

-30 535.75 470.76 

-50 545.62 501.12 

-70 - 513.90 

Young’s modulus, E  MPa 

Room 

206000 
206000 

-30 

-50 

-70 - 

Hardening start strain, εHS - 

Room 0.00398 0.01179 

-30 0.00680 0.01415 

-50 0.00832 0.01748 

-70 - 0.01920 

Ultimate tensile strain, εT - 

Room 0.16334 0.14647 

-30 0.16485 0.16622 

-50 0.17138 0.16737 

-70 - 0.16737 

Fracture strain, eF - 

Room 0.37872 0.433 

-30 0.38955 0.452 

-50 0.40096 0.472 

-70 - 0.477 

Tensile tests at room and sub-zero temperatures (-30 ºC, -50 ºC and -70 ºC) were 

performed on a universal testing machine. A cold chamber was installed on the universal 
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testing machine for the low-temperature tests. Fig. 4.1 shows the engineering stress-strain 

curves for the materials that were obtained for each model part at various temperatures. The 

test procedures satisfied the requirements of the Korean Standard [93]. 

The mechanical properties of the material in Table 4.1 were obtained from the tensile tests 

(except for Young’s modulus whose value was assumed). Fig. 4.1 shows that low 

temperature may make steel models more brittle and strong, indicating increases in both 

yield and ultimate tensile strength and strain. This observation was similar to that discussed 

in Chapter 3.  
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(a) Longitudinal beam (10 mm) 
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(b) Transverse beam (15 mm) 

Fig. 4.1 Engineering and true stress-strain curves of grillage model materials at room and sub-zero 

temperatures 

4.2.1.2 Test models 

Four grillages were fabricated for the repeated impact tests using general-purpose 

constructional steel and their dimensions are illustrated in Fig. 4.2. After fabricating the 

models, grid lines were marked at a spacing of 25 mm and 50 mm from the mid-length of 

the mid-longitudinal beam and other regions of the grillage. After mounting the models to 

the testing frame of the drop testing machine, the initial deflections of the beam were 

carefully measured using the CimCore portable measuring arm device, as shown in Fig. 4.3.  
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Fig. 4.2 Dimensions of the test model (unit: mm) 

 

 

Fig. 4.3 Measuring the initial deflection of the model 

4.2.1.3 Experimental set-up 

Repeated impacts tests were conducted using the drop testing machine shown in Fig. 4.4, 

where the test model is protected with rubber sheets. The drop height of the striker was 

varied with an electric winch. To ensure that the impact occurred at the expected location, 

the horizontal position (in the x- and y-directions) of the striker was adjusted using the 

tension of four lines operated with manual winches. The striker had a 300 mm wide knife-

edge type header (see Fig. 4.5) and could fall freely after the electromagnet was manually 

disconnected. 
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Fig. 4.4 Drop testing machine and data acquisition system 

 

Fig. 4.5 Dimensions of the striker (unit: mm) 

 

Fig. 4.6 Geometry of the fixture and installation of the ends of the model (unit: mm) 

The ends of the grillages were fixed to the support fixtures clamped to the structural base 

of the impact machine (see Fig. 4.6). Each end of the longitudinal beam was fixed to the 

support fixture by 14 bolts, while each end of the transverse beam was fixed by 16 bolts. It 
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should be noted that rubber pads were placed in the gaps between the ends of the model and 

the fixtures, as shown in Fig. 4.6. Although the strong bed and fixtures were made of mild 

steel, their material is stiff enough not to suffer any important deformations. It is also noted 

that both ends of the longitudinal stiffener experienced an initial downward deformation of 

5 mm. Those initial deflections were carefully considered in the numerical analysis. 

Repeated impact tests were carried out at room temperature (for models G-R-1 and G-R-

2) and sub-zero temperature (for models G-L-1 and G-L-2). Table 4.2 presents the impact 

conditions for the four grillage models at room temperature and -50 °C. The mid-span of the 

longitudinal beam is selected as the impact location. However, small deviations in the impact 

point were observed, probably due to small rotations of the striking mass as it left the 

electromagnet. The uncontrolled free movements of the striking mass caused the striker to 

rebound after each impact, and an immediate successive second impact of the striker from a 

small sub-drop height was observed visually. Therefore, the area of the grillage outside the 

location of the impact point was protected with rubber sheets in other to avoid secondary 

damage to the grillage. 

The experimental procedure used in this study was generally similar to that in previous 

studies [91, 110] and Chapter 3. However, Cho et al. [91] conducted repeated impacts, in 

which releasing boundary conditions were considered between each impact, to conveniently 

measure the permanent deflection of the tested model. Additionally, although Truong et al. 

[110], as mentioned in Chapter 3, performed repeated mass impacts on single beams without 

releasing the tested model from the fixtures, the end plate of the model still experienced 

translation and rotation due to the deformation of the fixtures and strong bed, implying 

apparently unrealistic boundary conditions different from those of real structures. This may 

have led to far less damage from the elastic spring-back of the grillage. In fact, ships and 

offshore structures are not released during repeated impacts, which creates different 

conditions from those used in testing in those studies. Moreover, in practice, in-situ 

deflections are more important. It is noted that these current experiments provide a better 

understanding of the deformation of stiffeners in ships and offshore structures because the 

stiffeners interact with other structural components during the experiments. 

To obtain strain history information during the impact tests, eight strain gauges were 

attached to each model, as shown in Figs. 4.7a and 4.7b. Strains were recorded at 10,000 

times per second, using amplifiers and an A/D converter. 
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Table 4.2 Impact test conditions for the grillage models 

Model 
Temp. 

[°C] 

     Striker       

No. of impacts Drop height, h 

[mm] 

Mass, M 

[kg] 

Initial 

velocity, V0 

[mm/s] 

Tip 

radius 

[mm] 

G-R-1 Room 500 86.0 3130 

5 

19  

G-R-2 Room 400 86.0 2800 22  

G-L-1 -50  500 86.0 3130 6  

G-L-2 -50 500 160.5 3130 6  
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(b) 

Fig. 4.7 (a) Arrangement of strain gauges for room temperature tests, (b) Arrangement of strain 

gauges and thermocouples for sub-zero temperature tests (unit: mm) 

To represent the arctic temperatures, cold chambers were fabricated with Styrofoam 

panels and were glued to the models, covering the entirety of the model except for the 

supports, as shown in Fig. 4.8. The cold chamber was filled with dry ice and ethanol to cool 

the model. Before filling the cold chamber, four thermocouples were glued onto the model, 

to measure the temperature during cooling. The thermocouples were arranged as shown in 

Fig. 4.7b. Fig. 4.9 shows the measured temperature histories for the model during the tests. 

Before conducting the impact drop test, the dry ice and ethanol in the cold chamber were 

removed, to allow the model to reach a target temperature (approximately -50 °C). 

Subsequently, the striker was released from the magnet and hit the model. The outcomes of 

the repeated impact tests were the permanent damage extents and strain history information 

for the grillages after each impact. 
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Fig. 4.8 Cooling test model using a cold chamber with dry ice and ethanol 

 

 

Fig. 4.9 Temperature history of the model 

4.2.1.4 Repeated impact test results 

Permanent deflections were measured along the length of the model after each impact 

using a CimCore portable measuring arm device. Strains were also recorded during impacts. 

The experimental and numerical permanent deflections at the impact point are presented in 

Table 4.3. The rebound of the striker had no effect on the plastic deformation of the grillage. 

This can be clearly observed from Fig. 4.10, which shows the complete impact response of 

the grillage (in terms of strains, recorded at the junction and near impact points for the model 

G-L-2), including the rebound of the striker. It can be observed from the figure that as soon 

as the striker impacts the model, the strain begins to increase, and reaches a maximum value. 
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Starting the drop test at -50 °C 
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After the rebound of the striker, the strain decreases and shows only plastic strains. As soon 

as the striker impacts the model again due to the rebound, the strain increases above the level 

of plastic strain. However, when the striker again loses contact with the model, the permanent 

strain does not change significantly. This is observed for all subsequent rebounds of the 

striker. Thus, it may be concluded that striker rebound has no effect on the plastic 

deformation of the grillage model. The shapes of the mid-longitudinal span deformation for 

models G-R-1 and G-L-2 are shown in Fig. 4.11a and 4.11b, respectively. As seen in the 

figure, V-shaped deformations were formed, and the increments of the deformed shape 

profiles of the models decreased with the impact numbers. No translation or rotation of the 

ends of the grillage and fixtures was detected, while small displacements were observed at 

junctions between the longitudinal and transverse beams. This means that the designed test 

model could reliably represent realistic boundary conditions.  

 

 

Fig. 4.10 Strain history at the first impact of model G-L-2 

 

(a) Model G-R-1  

-14
-12
-10
-8
-6
-4
-2
0

-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600

P
e
rm

a
n
e
n
t 
d
e
fl
e

c
ti
o

n
 

[m
m

]

Distance from impacted point [mm]

1st impact 5th impact

9th impact 10th impact

17th impact 18th impact

19th impact



79 

 

(b) Model G-R-2 

 

(c) Model G-L-1 

 

(d) Model G-L-2 

Fig. 4.11 Deformed shape profiles of the mid-longitudinal beam of grillage models 

 

(a) Model G-R-1 

 

(b) Model G-L-2 

Fig. 4.12 The final deformed shape of models after boundary releasing  
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After completing the impact tests the boundaries were released and the final deflections 

were re-measured. The final deflections of the models increased significantly, probably due 

to the removal of the reaction forces at the boundaries during releasing (see Table 4.3). This 

process reliably represented the recovered phenomena of the model after the release of the 

boundaries. Fig. 4.12 shows the final deformed shape profile of models G-R-1 and G-L-2 

after the spring-back process. 

4.2.2 Nonlinear finite element modelling 

The impact responses obtained from impact tests were compared using nonlinear finite 

element analysis. In this study, numerical computations were performed using the nonlinear 

finite element software package ABAQUS [98] to analyze the structural responses of the test 

models. The finite element model consists of a grillage model (without its supported lengths) 

and a striker. 

4.2.2.1 Element and contact definitions 

Every component of the grillage model (see Fig. 4.13) was meshed using four-node shell 

element S4R from the ABAQUS element library. Five integration points were used through 

the thickness and default hourglass controls for this element. To consider the computational 

efficiency and accuracy, convergence tests on different mesh sizes were performed. The 

chosen mesh sizes for the longitudinal and transverse beam were approximately 20 mm × 

20 mm (twice the thickness of the flange and web of the longitudinal beam); these were 

evaluated according to their ability to predict the experimental permanent deflection and 

deformation shape.  

 

Fig. 4.13 Finite element model of the test model 
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The element thickness at the weld joints was increased to consider the effects of welding. 

The weld joints between both the webs and flanges and the longitudinal and transverse beam 

were accounted for in the simulations by increasing the thicknesses of the webs and the 

flanges at their intersections. This is necessary because the welds increase the resistance of 

a structure, particularly, when simulating small-scale structural elements. The fillet weld 

cross-section was assumed to have a triangle shape and the leg length was chosen as 7 mm. 

Thus, equivalent thicknesses of 3.99 and 1.14 mm are considered for the web and flange of 

the longitudinal beam, respectively, while equivalent thicknesses of 5.50 and 1.11 mm are 

considered for the web and flange of the transverse beam, respectively (see Fig. 4.14). A 

similar procedure for modelling welds was reported in Refs. [103, 105, 118]. 

 

Fig. 4.14 Representation of weld element 

The striker was simply modelled as an indenting body using solid element C3D8R (An 8-

node linear brick with reduced integration and hourglass control), whose dimensions are 

provided in Fig. 4.5. The solid elements avoid initial penetrations of the upper surface of the 

model. The mesh size was chosen as 5 mm × 5 mm × 5 mm. The material of the striker was 

defined as elastic material to ensure no deformation of the striker during impacts. Because 

the striker is modelled as a simple knife-edge tip of the striker, an artificially large density 

was used to give the striker the same mass as used in the experiments. All striker nodes were 

assigned to the initial vertical striker velocity. Note that the real asymmetric impact position 

is likely due to the small rotation of the striker along its transverse axis as it leaves the 

electromagnet, as is described in the previous section. These were considered for the position 

of striker in the numerical model. 

The “surface-to-surface contact” option from the ABAQUS contact library was selected 

for the contact between the striker and grillage model. The penalty and “hard” contact 

methods were used to define the tangential and normal interaction behaviour of any possible 

self-contact among the model parts during impacts. The friction coefficient between the 

flange of the beam and striker was set at 0.3 to account for the slipping between the indenter 
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surface and impacted beam surface [99, 119]. 

4.2.2.2 Boundary conditions 

The ends of the grillage model (without clamped parts) were restrained, as shown for the 

experimental boundary conditions. In particular, the ends of the longitudinal beam were 

restrained for all degrees of freedom, except in vertical direction, where a downward value 

of 5 mm was assigned. However, the ends of the transverse beam were fixed for all degrees 

of freedom, except in the longitudinal and horizontal directions, where outward movement 

of 1 mm was allowed. 

4.2.2.3 Material definitions 

In this study, material properties were defined using the equations proposed by Park [101], 

as introduced in Chapter 3. It should be noted that the constitutive equations presented here 

were revised for increased reliability by considering additional tensile test data. Deviations 

in the yield and ultimate tensile strengths and strains were quite small, as were deviations in 

the hardening start strains. Thus, the averages of those values were used when deriving the 

constitutive equations. Using the engineering strains and stresses obtained from the quasi-

static tensile tests (as mentioned in a previous section), the corresponding true values were 

calculated using Eqs. (3.1) and (3.2). Note that because cyclic tensile tests (which can 

provide kinematic hardening parameters) were not performed in this study, an isotropic 

hardening model was simply applied, based on the monotonic tensile tests discussed in sub-

section 4.2.2.1. It should be noted that the reasonable application of this isotropic hardening 

model in repeated impact simulations has been confirmed by several researchers [19, 89, 92]. 

In order to consider the effects of strain hardening on the constitutive relationships, the 

equations provided in Ref. [101] were used with some improvements. The dynamic values 

of yield strength, ultimate tensile strength, hardening start strain, and ultimate tensile strain 

can be obtained using Eqs. (4.11) - (4.4), which are expressed by the strain rate,  . The true 

plastic strain was then calculated using Eq. (4.5) in order to apply for the numerical model. 
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    (4.5) 

where σYD is the dynamic yield strength, σTD is the dynamic ultimate tensile strength, εHSS is 

the static hardening start strain, εHSD is the dynamic hardening start strain, εTD is the dynamic 

ultimate tensile strain, and εpl,tr is the true plastic strain. 

 

(a) Longitudinal beam at room temperature 

 

(b) Transverse beam at room temperature 
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(c) Longitudinal beam at -50 ºC 

 

(d) Transverse beam at -50 ºC 

Fig. 4.15 True stress-plastic strain curve applied for the current finite element analysis model 

True stress-equivalent plastic strain data, which are generated from Eqs. (4.1) - (4.5) for 

various strain rates occurring within a structural low-velocity impact case, are plotted in Fig. 

4.15. 

In the impact test, no fracture occurred, meaning that the strain levels did not exceed the 

strain associated with the ultimate tensile strength. Therefore, no concerns were raised with 

respect to extending the true stress-plastic strain curve after the initiation of necking, when 

the impact tests were simulated. 
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4.2.2.4 Scenario of repeated mass impact loading 

Repeated impacts are simulated by repeatedly performing calculations. After each impact, 

the simulation of artificial material damping is introduced into the model. Then, the 

calculation is performed until all residual model vibration disappears. The same initial 

velocity is then assigned to the striker to simulate later impacts, and the next impact 

simulation is started, until the last impact. In each of the restarted analyses, the deformed 

shape, residual stresses, and strain in the model (resulting from the previous impact) are 

preserved by the edit-predefined field function in ABAQUS/Explicit [98], with the initial 

state field applied. 

Additionally, Rayleigh damping was applied in the numerical model to overcome the 

elastic vibrations caused by impact, which quickly approaches a static equilibrium state. 

Rayleigh damping consists of a mass proportional Rayleigh damping parameter αR, which 

damps low frequencies and stiffness proportionally to Rayleigh damping parameter βR, 

which damps higher frequencies [98]. The former is used in this paper to include a damping 

matrix in the dynamic analysis, which was obtained by multiplying the mass matrix of the 

system by the coefficient αR. Coefficient αR was set as the lowest natural frequency of the 

model (the most prominent mode at which the beam will vibrate), which was obtained using 

a modal analysis with a Lanczos eigensolver. 

4.2.3 Results and discussion 

4.2.3.1 Deflection evolution 

In Fig. 4.16, the deflection shape of four grillage models obtained in the numerical 

analyses is compared with those observed in experiments. Reasonable agreement between 

the two can be seen in the figure. Similar to the deformation observed in the test model, V-

shaped deformation with plastic hinges at the impact position and supports can be clearly 

seen in the numerically obtained deformation model. Between the junction and centre impact 

point, the mid-span was essentially straight. The only deformation of the mid-longitudinal 

beam was observed. 
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(a) 

 

  
(b) 
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(c) 

 

    
(d) 

Fig. 4.16 Comparison of model deflection shapes: (a) Model G-R-1 after the 19th impact, (b) 

Model G-R-2 after the 22nd impact, (c) Model G-L-1 after the 4th impact, (d) Model G-L-2 after 

the 6th impact 
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Fig. 4.17 Maximum permanent deflection of the tested models against the number of impacts 

Table 4.3 compares the numerically predicted permanent deflections with those from the 

experiments for all the models. Fig. 4.17 shows plots of the maximum permanent deflections 

against the number of impacts. In general, good agreement between the predictions and test 

results was achieved, except for the first impact, where deflection was underestimated for 

models G-R-1, G-R-2, and G-L-1. However, as seen in the table and figure, the numerical 

predictions of the models G-R-1 and G-R-2 slightly underestimated the permanent 

deflections for the latter impacts, whereas when the number of impacts increased, the 

predictions slightly overestimated the permanent deflections for both models G-L-1 and G-

L-2. The reason for this skewness cannot be determined from the current results. Further 

experimental and theoretical investigations are required, including investigations into 

material properties related to strain rate effects and their interactions with strain hardening. 
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In general, the plastic response of the impacted models was numerically predicted; however, 

this was closely correlated with the test results. 

It is also apparent from Fig. 4.17 that permanent deflections increased gradually when the 

number of repeated impacts was increased for both tests. However, the deflection increments 

decreased significantly, which was confirmed by Cho et al. [91] and Truong et al. [104]. 

However, a pseudo-shakedown state [85, 86, 116] was not experimentally and numerically 

achieved. 

In addition, it is evident from Fig. 4.17 and Table 4.3 that the permanent deflections for 

model G-L-1 tested at -50 °C are significantly smaller than those for model G-R-1 tested at 

room temperature. Note that the test conditions for model G-R-1 and G-L-1 were the same, 

as depicted in Table 4.2. This indicates that a model at a low temperature is stiffer than one 

at room temperature. 

Table 4.3 Comparisons of numerical predictions and test results for maximum permanent deflection 

Impact 

G-R-1 G-R-2 

Exp. 

[mm] 

Num. 

[mm] 

Xm 

(Num./Exp.) 

Exp. 

[mm] 

Num. 

[mm] 

Xm 

(Num./Exp.) 

1 3.650 3.200 0.88 2.453 2.350 0.96 

2 5.350 5.085 0.95 3.649 3.743 1.03 

3 6.600 6.458 0.98 4.507 4.710 1.05 

4 7.550 7.457 0.99 5.199 5.416 1.04 

5 8.260 8.213 0.99 5.607 5.946 1.06 

6 8.962 8.839 0.99 6.073 6.360 1.05 

7 9.529 9.326 0.98 6.512 6.711 1.03 

8 9.969 9.747 0.98 6.840 7.017 1.03 

9 10.380 10.111 0.97 7.101 7.299 1.03 

10 10.750 10.435 0.97 7.343 7.543 1.03 

11 11.070 10.709 0.97 7.557 7.740 1.02 

12 11.379 10.982 0.97 7.811 7.909 1.01 

13 11.661 11.218 0.96 8.005 8.063 1.01 

14 11.907 11.437 0.96 8.091 8.199 1.01 

15 12.073 11.627 0.96 8.195 8.358 1.02 

16 12.347 11.810 0.96 8.328 8.457 1.02 

17 12.562 11.962 0.95 8.478 8.557 1.01 

18 12.755 12.133 0.95 8.690 8.651 1.00 

19 12.938 

(*16.235) 

12.275 0.95 8.727 8.727 1.00 

20 - - - 8.853 8.804 0.99 

21 - - - 8.909 8.852 0.99 

22 
- - - 

9.047 

(*11.833) 

8.884 0.98 
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Impact 

G-L-1 G-L-2 

Exp. 

[mm] 

Num. 

[mm] 

Xm 

(Num./Exp.) 

Exp. 

[mm] 

Num. 

[mm] 

Xm 

(Num./Exp.) 

1 2.711 2.405 0.89 6.401 6.418 1.00 

2 3.568 3.786 1.06 9.098 10.107 1.11 

3 4.195 4.704 1.12 12.133 12.738 1.05 

4 4.638 5.353 1.15 12.978 14.529 1.12 

5 5.054 5.842 1.16 14.073 15.947 1.13 

6 5.284 

(*7.530) 

6.244 1.18 15.960 

(*18.54) 

16.871 1.06 

Note: * after releasing boundaries 

4.2.3.2 Strain history 

Strain was measured during room and sub-zero temperature drop tests. Fig. 4.18 shows 

numerically obtained and experimentally measured strain histories for models G-R-1 and G-

L-2 for the first two impacts. The strain gauge locations can be found in Fig. 4.3d. The 

predicted residual strains are generally quite similar to those observed in experiments. 

However, some discrepancies can be found in the transient strains, especially in the peak 

strains for strain gauges SG-2 for model G-R-1 and SG-3, 4 for model G-L-2. Both 

permanent and transient strain values increased when the number of impacts increased. 
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Fig. 4.18 Numerically obtained strain history for models G-R-1 and G-L-2 for the first two 

impacts, compared with experimental strain history 
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4.2.3.3 Impact force 

Considering the larger uncertainty in impact tests that in static experiments, a reasonable 

agreement has been achieved in this study. After substantiating the numerical analysis 

method in this study, further numerical computations were conducted to investigate the 

response of the grillage to repeated impacts. 

Fig. 4.19 shows the simulated impact force for a series of repeated impacts with striking 

masses of 86 kg and 160.5 kg for models G-R-1, G-R-2 and G-L-1, G-L-2, respectively. The 

first impact yields the lowest contact force and longest impact duration. As the number of 

impacts increases, the contact force increases; however, the impact duration decreases 

significantly. In other words, when the number of impacts increases, the material can recover 

its elasticity. Huang et al. [86], Cho et al. [91], and Truong et al. [110] have confirmed this. 

  
(a) Model G-R-1 

 

(b) Model G-R-2 
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(c) Model G-L-1 

 

(d) Model G-L-2 

Fig. 4.19 Time variation of simulated contact impact force 

4.2.3.4 Striker velocity 

Velocity changes for the striker are depicted in Fig. 4.20, which shows increases in 

rebound velocity vs. the number of impacts. An increase in the rebound velocity indicates 

an increase in the acceleration and impact force. 
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(a) Model G-R-1 

 
(b) Model G-R-2 

 
(c) Model G-L-1 
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(d) Model G-L-2 

Fig. 4.20 Time variation of simulated striker impact velocity 

4.2.3.5 Effect of strain rate hardening definition 

The definition of strain rate hardening is known to be important, and it can be a source of 

error in numerical predictions of impact dynamic problems. Therefore, considerations of the 

strain rate effect of choosing material constant coefficients in the Cowper-Symonds equation 

(Eq. (3.10)) can be numerically discussed. In the Cowper-Symonds equation, the material 

constant coefficient, D, calculated using Eq. (3.11), and q, which was assumed to be 5, were 

used to numerically evaluate the plastic response of the tested model. Moreover, these 

coefficients are omitted in the material definition to assess their influence on the results. 

Figs. 4.21 and 4.22 show the maximum permanent deflection versus the number of 

impacts and the resulting force-deflection curves of the first and sixth impact events for test 

model G-L-2. Additionally, the actual maximum permanent deflections obtained in the test 

are shown for comparison. As indicated by Fig. 4.22, the plastic response tendencies (in 

terms of permanent deflection) are affected by the strain-rate effect definition. The maximum 

permanent deflection significantly depends on the selected constant D. In particular, for 

model G-L-2, negligence of the strain-rate effect resulted in 25.27% and 21.09% larger 

permanent deflections for the first impact and sixth impacts, respectively, compared to the 

case using the proposed dynamic equations. Similarly, when the value of D determined from 

Eq. (3.11) was considered, the permanent deflections were 19.93% and 13.88% larger for 

the first and sixth impacts, respectively. However, it is also apparent from Fig. 4.22 that there 

was no significant difference in the maximum impact force and impact duration of the first 

and sixth impacts. 
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Fig. 4.21 Maximum permanent deflection of model G-L-2 for different strain-rate hardening 

definitions 

 

 

Fig. 4.22 Impact force time histories of the 1st and 6th impacts for model G-L-2 for different 

strain-rate hardening definitions 
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4.2.3.6 Effect of boundary conditions 

As seen in the test results, deformations were observed primarily in the mid-span of the 

grillages; deformation did not develop in the other areas of the grillages. The impact response 

of the grillages, therefore, may be considerably treated as the mid-span, namely, single beam 

by providing the possible boundary conditions relatively representing the real interaction 

between longitudinal and transverse beams. The extra longitudinal and transverse beams are 

known to redistribute their loads to the other grillage structure members. The longitudinal 

beam/transverse beam system provides a certain degree of flexibility at the connection points 

of both transverse/longitudinal beams for all degrees of freedom (axial, lateral, and 

rotational). 

In general, theoretical models are ideally considered as either fully restrained or allowing 

rotation, which may not always be representative of an actual case. To clarify this issue, the 

effects of idealizing boundary conditions are assessed by comparing with fully modelling 

(grillage model) of the test conditions. Two cases were considered: a fully fixed single beam 

and fully pinned single beam. A comparison was made for the impact conditions of model 

G-L-2. Maximum permanent deflections and impact force time histories are shown in Figs. 

4.23 and 4.24, respectively. 

 

Fig. 4.23 Evolution of damage of model G-L-2 for idealised and actual boundary conditions 
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Fig. 4.24 Impact force time histories of model G-L-2 for idealised and actual boundary conditions 
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pinned single beam (i.e. this model does not adequately represent the actual case because the 
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which represents the full test showed a good agreement in terms of deflection comparing 

with the test, while the single beam with fully fixed conditions experienced a significantly 

similar deflection only for the first impact. Later impact events were overestimated relative 

to the test results. Fig. 4.24 shows that although the responses for each boundary condition 

are similar in the initial phase, there is a significant impact response when the ends of the 

single beam are fully fixed or pinned. As shown in Fig. 4.25, the rebound velocity of the 
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that the dissipated energy by the grillage structure is smaller than that of the fixed single 

beam. Accordingly, the permanent deflection of the grillage beam is smaller than that of the 
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fixed single beam. 

 

(a) 

 

(b) 

Fig. 4.25 Striker velocity (a) and internal energy (b) time histories for idealised and actual 

boundary conditions for model G-L-2 

As is evident, changing the boundary conditions will change the impact response of the 

structures. The results indicate that from the viewpoint of structural design against repeated 

impact loadings, proper boundary conditions for representing the interaction between the 
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repeated impacts. 

-3000

-2000

-1000

0

1000

2000

3000

4000

0 0.003 0.006 0.009 0.012 0.015

S
tr

ik
e
r 

v
e
lo

c
it
y
 [

m
m

/s
e
c
]

Time [sec]

6th_Grillage model

6th_Fixed single beam

0

200

400

600

800

1000

0 0.003 0.006 0.009 0.012 0.015

In
te

rn
a
l 
e
n
e
rg

y
 [

J
]

Time [sec]

6th_Grillage model

6th_Fixed single beam



100 

4.3 Parametric study 

4.3.1 Introduction 

In this study, so far, the response of the grillage model has only investigated by 

considering a certain impact condition such as a mass of striker, an initial impact velocity as 

well as an impact position at room temperature. In reality, ships and offshore structures may 

be collided with ice floes and floating objects with various impact scenarios as well as with 

different temperatures. Such impact conditions can be studied by a probabilistic approach 

which has, however, the difficulties in using such as requiring many scenarios and seems 

very high uncertainty in predicting the occurrence probability of each scenario.  

In this study, in aiming at providing repeated impact response characteristics with any 

design guidance can be developed, a rigorous parametric study using the commercial 

software package ABAQUS/Explicit [98], which is able to analysis nonlinear large plastic 

strain problems has been carried out. It should be noted that the numerical analysis method 

applied here was substantiated with the repeated impact tests mentioned in the previous 

section. The effects of several important parameters on the plastic response of grillage 

structures subjected to repeated mass impacts were then investigated by varying the mass 

and flexibility of striker, initial impact velocity, impact position, and temperature. The 

findings of the parametric studies presented are believed to be used to rapidly estimate the 

damage impact response of ships and offshore structures as well as optimize the structural 

arrangements of ships under repeated mass impacts. Finally, the closed-form design formula 

was derived using nonlinear regression analysis of the rigorous parametric results for 

estimating the deflection evolution of grillage structures under repeated mass impacts. 

Table 4.4 Scenario of change in parameters 

Parameters Unit Quantity Reference G-R-1 

Initial impact velocity mm/s 3130, 5000, 7000 3130 

Striking mass kg 86, 160.5, 300, 500 86 

Impact position  

(from mid-length) 
mm 0, 0.1×2L, 0.2×2L, 0.4×2L 0 (mid-length) 

Temperature °C RT, -30, -50 RT 

Flexibility of striker - 

Rotating deformable body, 

rotating rigid body, 

non-rotating rigid body 

Rotating deformable 

body 

Note: 2L (=1000 mm) denotes the length of the mid-span of the grillage model. RT denoted the room 

temperature. 

As basis, the test conditions and the scantlings of model G-R-1 presented are adopted in 
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the parametric studies. The parametric analyses with five impacts were then performed by 

changing in mass and velocity of the striker, impact position, temperature, and flexibility of 

striker. Table 4.4 gives the scenario of change of parameters. 

4.3.2 Effect of striker velocity 

The maximum permanent deflection, deflection ratio, and impact force history with the 

number of impacts for different velocities obtained from the simulations are shown in Fig. 

4.26. It can be seen from the figure that the maximum permanent deflection and impact force 

increases with the increase of impact velocity throughout whole impacts. In particular, after 

the fifth impact the permanent deflection was increased by 157%, 137%, and 121% for 

striker velocity of 3130 mm/s, 5000 mm/s, and 7000 mm/s, respectively. This can be 

explained in the following: the kinetic energy of striker is converted to kinetic energy of 

rebound striker and elastic energy and plastic energy in the model, increasing in velocity also 

increases in plastic energy remained in the model, thus maximum permanent deflection and 

impact force increases. 

The peak impact force significantly increased and contact duration decreased with the 

number of impacts due to the elastic recovery of the material, while contact duration is 

decreased gradually when impact velocity is increased. For the fifth impact, the decrease in 

contact duration due to strain rate effect is clear. In addition, the increment of deflection is 

remarkably decreased with the decrease of initial impact velocity of the striker. 
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(b) Ratio of deflection of the ith impact to the 1st impact 

 

(c) Impact force at the first impact 

 

(d) Impact force at the fifth impact 

Fig. 4.26 The effect of initial impact velocity of striker on structural response 
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When impact velocities increased, the increase in stiffness due to strain rate effect is 

observed. It is interesting to note that this difference is not only at the initial stage of loading 

but also remains throughout the impact until whole impact energy is dissipated. Another 

interesting observation is that deflection ratio, wi/w1 (of the ith impact to the 1st impact) is 

linearly decreased when the impact velocity increased with the number of impacts. It is 

observed that the deflection ratio at the fifth impact gives about 7.53% and 13.80% decrease 

for impact velocity of 5000 mm/s (from 2.57 to 2.37) and for impact velocity of 7000 mm/s 

(from 2.57 to 2.21), respectively. 

4.3.3 Effect of striker mass 

In addition, the effect of the mass of striker was investigated. The impact energy is varied 

by increasing the mass of the striking object. The maximum permanent deflection, deflection 

ratio, and impact force history with the number of impacts for different masses of the striker 

obtained from simulations are shown in Fig. 4.27. From the figure, the maximum permanent 

deflection and impact force increases with the increase of striker mass throughout whole 

impacts. In addition, the increment of deflection is remarkably decreased with the decrease 

of the mass of the striker. After the fifth impact the permanent deflection was increased by 

157%, 142%, and 116% for striker mass of 86 kg, 160.5 kg, and 300 kg, respectively. The 

impact energy is linearly proportional to striking mass. As the contact force curves shown in 

Fig. 4.26 indicate, the increase in striking mass proportionally increases the impact energy 

to be absorbed and leading to larger deformations, but most importantly the impact response 

essentially does not differ for all values of striking mass. Essentially, the duration of response 

increases with an increase in striking mass. A more massive object requires more force to 

accelerate it and it takes more time to rebound. Accordingly, for a heavier mass, the duration 

of impact is longer. 
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(b) Ratio of deflection of the ith impact to the 1st impact 

 

(c) Impact force at the first impact 

 

(d) Impact force at the fifth impact 

Fig. 4.27 The effect of mass of striker on structural response 
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Another interesting point is that deflection ratio, wi/w1 is linearly decreased when the 

striking mass is increased. It is observed that the deflection ratio at the fifth impact gives 

about 5.74% and 15.76% decrease in striking mass of 160.5 kg (from 2.57 to 2.42) and for 

striking mass of 300 kg (from 2.57 to 2.16), respectively. 

4.3.4 Effect of impact location 

The plastic response of the grillage model impacted at different locations along its length, 

as shown in Fig. 4.28a at an impact velocity of 3132.1 mm/s and with the mass of striker of 

86 kg is also investigated. The maximum permanent deflection, deflection ratio, and impact 

force history with the number of impacts for different impact positions obtained from the 

simulations are shown in Fig. 4.28. It is noticed that the impact position has a significant 

effect on the response of structures to repeated impacts. It can be seen from the figure that 

the impact force increases when the impact is closer to the support throughout whole impacts. 

The impact location varies 100 mm, 200 mm and 400 mm (denotes as 0.2L, 0.4L and 0.8L, 

respectively) from the mid-length to the vicinity of the support. It can be also observed that 

there are smaller deflections when the impact location is near the supports (see Fig. 4.28a) 

due to the higher stiffness of the impact location and smaller rotations occur resulting in the 

decrease of deflection of the beam. However, after the fifth impact the permanent deflection 

was increased by 157%, 162%, 167% and 177% for impact positions at mid-span, 0.2L, 0.4L, 

and 0.8L, respectively. Moreover, when impact position is moved from mid-span to 0.2L, 

0.4L, and 0.8L, the permanent deflection after the fifth impact was decreased by 0.57%, 

11.16% and 71.47%, respectively. 
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(b) Maximum permanent deflection 

 

(c) Ratio of deflection of the ith impact to the 1st impact 

 

 

(d) Impact force at the first impact 
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(e) Impact force at the fifth impact 

Fig. 4.28 The effect of impact position on structural response 

As seen from the figure that deflection ratio, wi/w1 is slightly increased when the impact 

point is closer to the junctions. It is observed that the deflection ratio at the fifth impact gives 

about 1.90% and 7.97% increase for impacts at near mid-length (from 2.57 to 2.62) and for 

impacts at near the junctions (from 2.57 to 2.77), respectively. 

4.3.5 Effect of temperature 

Under real ships and offshore structures collision conditions, the temperature is not always 

room temperature. In the Arctic sea, for example, these structures may collide with ice floes 

where the sub-zero temperatures such as -30 °C and -50 °C could be two possible 

temperature conditions. The maximum permanent deflection, deflection ratio, and impact 

force history with the number of impacts for different temperatures obtained from 

simulations are shown in Fig. 4.29. These simulations were performed under impact velocity 

of 3130 mm/s and striking mass of 86 kg. It is noticed that the temperature has a significant 

influence on the response of structures to repeated impacts. It can be seen from the figure 

that the maximum permanent deflection is decreased with decrease in temperature 

throughout whole impacts. In particular, after the fifth impact the permanent deflection was 

increased by 157%, 142%, and 140% at room temperature, -30 °C, and -50 °C, respectively. 

It is evident from Fig. 4.29 that the temperature has an effect on the behaviour of the beams 

subjected to repeated mass impacts. Decreasing in temperature of the beam (caused 

increasing in the yield strength and ultimate strength) decreased the maximum permanent 

deflections of the beam regardless of the number of impacts, particularly, when temperature 

is reduced from room temperature to -30 °C and -50 °C the permanent deflection after the 

fifth impact was decreased by 22.89%, 27.95%, respectively. While the effects on impact 
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force history are slightly observed when reducing the temperature from room temperature to 

-30 °C and -50 °C. 

 

(a) Maximum permanent deflection 

 

(b) Ratio of deflection of the ith impact to the 1st impact 

 

(c) Impact force at the first impact 
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(d) Impact force at the fifth impact 

Fig. 4.29 The effect of temperature on structural response 

Another interesting point is that deflection ratio, wi/w1 is linearly decreased when the 

temperature is decreased. It is observed from the figure that the deflection ratio at the fifth 

impact gives about 6.59% and 5.56% decrease when the temperature is decreased to -30 °C 

(from 2.57 to 2.42) and to a temperature of -50 °C (from 2.57 to 2.40), respectively. 

4.3.6 Effect of flexibility of striker 

So far, the load was applied through a deformable knife-edge striker. In practice, the 

striker can be assumed as a rigid body in order to minimize the computation costs, especially 

for a full-scale model of the striking ship. To assess the effect of flexibility of the striker on 

the response of struck structures, two additional strikers were considered, namely, rigid with 

its rotation and rigid without its rotation. The shapes of indenting surfaces are same as the 

deformable knife-edge striker. The first case resembles ice impact allowing free its rebound 

and the second case ice impact without its rotation. 

The maximum permanent deflection, deflection ratio, and impact force history against the 

number of impacts for the different flexibilities of the striker obtained from simulations are 

shown in Fig. 4.30. It is noticed that the flexibility of striker has effects on the response of 

structures to repeated impacts. It can be seen from the figures that the maximum permanent 

deflection and impact force increases with the reduction of the flexibility of the striker. This 

can be explained that the kinetic energy of striker is converted to kinetic energy of rebound 

striker and elastic energy and plastic energy in the model, reducing the flexibility of the 

striker also increases plastic energy remained in the model, thus maximum permanent 

deflection and impact force increases. It is interesting to see that the peak impact force 

slightly increased and contact duration decreased negligibly with the reduction of the 
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flexibility of the striker. In addition, the same tendency of impact response as changing in a 

number of impacts with mass and velocity of striker cases is also achieved, particularly 

contact duration decrease gradually and impact force increased when the number of impacts 

increases. For the fifth impact, the increase in impact force due to strain rate effect is clear. 

Also, after the fifth impact the permanent deflection was increased by 157%, 168%, and 171% 

for using the striker as rotating deformable body, rotating rigid body, and non-rotating rigid 

body, respectively. Moreover, when increasing the flexibility of the striker from rotating 

deformable body to rotating rigid body, and non-rotating rigid body, the permanent 

deflection after the fifth impact was increased by 12.14%, 11.16%, and 14.89%, respectively. 

It is interesting to note that deflection ratio, wi/w1 is linearly increased when the striker is 

considered as a rigid body with and without its rotation. As seen from the figure, the 

deflection ratio at the fifth impact gives about 4.53% and 5.70% increase when the use of 

the rigid and rotating striker is considered (from 2.57 to 2.68) and when applying the rigid 

and non-rotating striker (from 2.57 to 2.71), respectively. 

 

(a) Maximum permanent deflection 

 

(b) Ratio of deflection of the ith impact to the 1st impact 
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(c) Impact force at the first impact 

 

(d) Impact force at the fifth impact 

Fig. 4.30 The effect of flexibility of striker on structural response 

4.4 Simplified analytical method 

4.4.1 Introduction 

In this study, a simple analytical method, which procedure was generally similar to that 

in Chapter 3 for prediction of the deflection evolution of the beam subjected to repeated 

mass impacts, is proposed. The assumption adopted in the proposed method as follows: (i) 

the kinetic energy of the striker (0.5MV0
2) can be dissipated by the plastic deformation of the 

struck mid-longitudinal beam and the elastic spring-back of the grillage, where M is the mass 

and V0 is the initial impact velocity of the striker; (ii) the deformed shape of the struck mid-

longitudinal beam can approximated by two straight bars separated by plastic hinges, see in 

Fig. 4.31. 
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(a) 

  

(b) 

Fig. 4.31 (a) Represented mid-longitudinal beam together with assumed deformed shape, (b) cross-

section of the mid-longitudinal beam (unit: mm) 

Consider a beam which is fully clamped at both ends representing junctions of the grillage, 

is struck at the mid-span by a mass M travelling with an initial velocity V0, see also in Fig. 

4.31(a). To represent the actual model, the deformed shape assumed in Fig. 4.31 (a) is for 

the collision by a knife edge striker header. 

4.4.2 First impact 

It is assumed that the mid-longitudinal beam can absorb total energy through the rotation 

of plastic hinges formed at the impact point and supports and through the membrane plastic 

tension in the mid-longitudinal beam. The total energy can be expressed by Eq. (4.6). The 

energy dissipated by the membrane plastic tension and rotation of the plastic hinges in the 

mid-longitudinal beam can be expressed as Eqs. (4.7) and (4.8), respectively. 
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Ut is the dissipated energy by the plastic membrane tension of the mid-longitudinal beam; 

Ub is the dissipated energy by the rotation of plastic hinges of the mid-longitudinal beam: 

2t YDU A L   (4.7) 

where  

2

1 1
w

L L
L

 
      

  
 

 

4b pU M   (4.8) 

where pM  is the fully plastic moment of the cross-section of the mid-longitudinal beam, 

as Eq. (4.9a), A is the cross-sectional area of the beam, and   is the rotational angle; Eq. 

(4.9b). 
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where d is the distance to the plastic neutral axis of the beam cross-section from the upper 

surface of flange of the beam, shown in Fig. 4.31b. 
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b
   (4.10) 

Initial kinetic energy (Ek) and rebound kinetic energy (Erk) of the striker can be written as 

Eqs. (4.11a) and (4.11b), respectively. 

2

0

1

2
kE MV  (4.11a) 

21

2
rk rE MV  (4.11b) 

Then energy absorbed by the beam can be expressed as Eq. (4.12). 
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When the total dissipated energy equals to the difference of the initial kinetic energy and 

the kinetic energy of the rebounded striker, the plastic deformation then stops and the lateral 

deflection at that moment can be predicted using the following relationship. 
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To consider the strain rate effects the Cowper-Symonds equation [106], Eq. (3.10), were 

applied. 
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where D and q are the material constants, q was assumed to be 5 and D can be obtained from 

the Eq. (3.11). 

And   is the equivalent strain rate, it can be obtained as follows: 
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Substituting Eq. (4.15) into Eq. (4.14), the Eq. (4.14) can be rewritten as: 
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 (4.16) 

Now, Eq. (4.13) could be regarded as the result of the first impact of a series of repeated 

identical and independent impacts of the mass M on the mid-longitudinal beams. It is 

assumed that the second impact occurs after the beam motion has ceased. Eq (4.13) remains 
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valid for the second impact when disregarding the presence of the first mass on the beam. 

4.4.3 Repeated impacts 

To study the response of the mid-longitudinal beam of grillages under repeated mass 

impacts, the same method developed for the first impact can be applied for the subsequent 

impacts based on the following assumptions:  

(i) The mid-longitudinal beam with residual deformation caused by the previous 

impacts still remains the same before the next impact.  

(ii) The strain rate sensitivity estimated from the first impact remains unchanged for 

subsequent impacts.  

(iii) The cross-section of the mid-longitudinal beam and the impact position are 

unchanged during the repeated impacts. 

As mentioned in Chapter 3, the ratios of the rebound velocity to the initial impact velocity 

of the striker kept increasing in the repeated impacts (see Fig. 4.32). This implies that the 

dissipated energy by the impacted beam becomes smaller with the increase in the number of 

impacts. The equation, Eq. (3.24), to estimate the rebound velocity, proposed in Chapter 3, 

was applied herein. 
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Fig. 4.32 Experimentally and numerically obtained rebound velocity for grillage models under 

repeated impacts. 

 

 

Fig. 4.33 Deflection profile and the associated a mass acting on the beam for first two impacts 

It is evident from Fig. 3.28 that for the second impact the changes of the length of the half 

of the beam and the angular rotation of the beam can be expressed as Eqs. (4.17) and (4.18), 

respectively. 
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Similarly, for the subsequent impacts: 
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for ith impact, i=3, 4, 5… 

From Eq. (4.13), the extended equation for the subsequent impacts can be expressed as 

follows: 
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where iw  is the change in maximum deflection of the beam of the ith impact, and 
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 (4.22) 

The final maximum deflection of the beam can be expressed as Eq. (4.23) 
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2
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w w w


    (4.23) 

It is clearly seen from Fig. 4.34 that the change in maximum deflection of the first impact 

is also the maximum deflection of the beam after the first impact. 

4.4.4 Analytical predictions and discussion 

The analytical and experimental results are summarised in Table 4.5 and plotted in Fig. 

4.34. In addition, the numerical results of the same model used in the current analytical 

models were reported, as well as the numerical predictions of the tested models were 

included for comparison (see Fig. 4.34). Note that in the rigid perfectly plastic analysis, 

strain hardening was simply taken into account using the mean of corresponding yield and 

ultimate strengths of models, and the strain-rate hardening using Cowper-Symonds equation 
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was only applied at fixed strains. These possibly were the sources of overestimation of the 

maximum deflection of the mid-longitudinal beam. 

Table 4.5 Comparisons of numerical predictions with test results for permanent deflection of the 

mid-longitudinal beam of grillage 

Impact 

G-R-1 G-R-2 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

1 3.650 4.035 3.740 1.11 2.453 3.146 2.772 1.28 

2 5.350 6.783 6.316 1.27 3.649 5.274 4.679 1.45 

3 6.600 8.932 8.313 1.35 4.507 6.920 6.162 1.54 

4 7.550 10.749 9.860 1.42 5.199 8.299 7.361 1.60 

5 8.260 12.360 11.035 1.50 5.607 9.515 8.388 1.70 

6 8.962 13.833 12.079 1.54 6.073 10.623 9.280 1.75 

7 9.529 15.204 13.088 1.60 6.512 11.655 10.041 1.79 

8 9.969 16.497 13.930 1.65 6.840 12.628 10.670 1.85 

9 10.380 17.728 14.650 1.71 7.101 13.556 11.209 1.91 

10 10.750 18.907 15.268 1.76 7.343 14.446 11.676 1.97 

11 11.070 20.042 15.802 1.81 7.557 15.305 12.070 2.03 

12 11.379 21.139 16.270 1.86 7.811 16.136 12.431 2.07 

13 11.661 22.202 16.677 1.90 8.005 16.943 12.748 2.12 

14 11.907 23.235 17.033 1.95 8.091 17.729 13.036 2.19 

15 12.073 24.241 17.353 2.01 8.195 18.496 13.289 2.26 

16 12.347 25.222 17.645 2.04 8.328 19.245 13.517 2.31 

17 12.562 26.180 17.909 2.08 8.478 19.978 13.725 2.36 

18 12.755 27.117 18.154 2.13 8.690 20.696 13.915 2.38 

19 12.938 28.035 18.382 2.17 8.727 21.400 14.096 2.45 

20 - - - - 8.853 22.092 14.272 2.50 

21 - - - - 8.909 22.772 14.434 2.56 

22 - - - - 9.047 23.440 14.572 2.59 

Impact 

G-L-1 G-L-2 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

Exp. 

[mm] 

Anal. 

[mm] 

Num. 

(*Single) 

[mm] 

Anal./Exp. 

[-] 

1 2.711 3.323 2.904 1.23 6.40 6.350 6.897 0.99 

2 3.568 5.510 4.926 1.54 10.00 10.464 11.543 1.15 

3 4.195 7.164 6.523 1.71 12.13 13.613 15.113 1.12 

4 4.638 8.528 7.837 1.84 13.80 16.241 17.681 1.25 

5 5.054 9.718 8.959 1.92 15.10 18.550 19.733 1.32 

6 5.284 10.794 9.897 2.04 15.96 20.644 21.263 1.29 

Note: * denotes the mid-longitudinal beam was treated as the clamped single beam. 
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(a) Model G-R-1 

 

(b) Model G-R-2 

 

(c) Model G-L-1 
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(d) Model G-L-2 

Fig. 4.34 Variation of permanent deflections of the models for various methods 

As seen from Fig. 4.34 and Table 4.5, reasonable agreement between the analytical 

prediction and test results of the grillage (treated as mid beam) was archived especially for 

several first impacts of the grillage model, while overestimation of deflection of the grillage 

for the repeated impacts was observed. It can be explained that in current analysis method, 

the inertia force of the beam and grillage were not considered. It should be noted that the 

mass of model is much less than the mass of the striker, the inertia force can be neglected. 

However, for the grillage model having a mass less than the mass of the striker, the inertia 

force should be considered. Moreover, in this study, the assumed deformation shape of the 

beam is composed of flat segments, i.e. the beam was assumed as rigid segments with plastic 

hinges at ends and mid-length of the beam, as shown in Fig. 4.31. In the actually deformed 

models, however, there was a local deformation at impacted region and deformation 

curvature of the ends of the beam due to the transverse supports (see Fig. 4.16d in Chapter 

4 for illustration). It seems likely that if this local deformation and curvature were considered 

in assuming the deformation shape, improved predictions can be expected. It is clear that the 

equations will be more complicated if the more realistic deformed shape is assumed. In 

addition, strain hardening is of the mean of yield and ultimate strengths may also unrealistic 

material definition particularly. However, in comparison with the numerical results of the 

single beam, a reasonable agreement with analytical predations even thought still 

overestimation compared to the test results. It is clear from the figure that the numerical 

models which closely represented the tested grillage models, good agreement between the 

test results and predictions were observed. Further improvement of the current analytical 

method may be achieved when considering realistic boundary conditions and strain rate 

hardening materials in the analysis. 
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4.5 Closed-form design formula for prediction of 

deflection evolution 

Prior to deriving the design formulation, the tendencies of important non-dimensional 

design parameters were investigated based on the results of rigorous parametric studies 

performed, as shown in Fig. 4.35. The important non-dimensional parameters affecting the 

deflection evolution found are the ratios, Ek/(Mpt/L) and 1000Ek/(σTεTVstr), mass ratio, 

M/(ρVstr) and impact numbers, N. As seen in the figure, the extents of damage are 

monotonically increased according to the non-dimensional design parameters except for the 

number of impacts. When the impact numbers increased, the increment of damage extents 

tended to decrease and have certain values. 

Based on the results shown above, a closed-form formula may be derived empirically by 

regression analysis to predict the evolution damage of the grillage as follows: 

     
0.58

0.79 0.19 0.1
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1 0.02
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 (4.24) 

where ,

1000 k
E p

T T str

E
R

V 
 is the ratio of initial kinetic energy to the plastic strain energy storing 

capacity of the grillage, 
 ,

/

k
E r

p

E
R

M t L
  is the ratio of initial kinetic energy to the plastic 

hinge rotation energy dissipated by the mid-longitudinal beam, and M

str

M
R

V
  is the ratio 

of striker mass to the mass of the grillage, t is the thickness of flange of the beam, L is the 

half length of the mid-longitudinal beam, Vstr is the volume of the grillage, M is the striker 

mass and ρ is the density of the grillage. Note that σT and εT were determined using Eqs. 

(4.25) and (4.26), which were taken from Ref. [101]. 
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From Fig. 4.36, it is evident the accuracy and reliability of the predictions using the 
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proposed design formulation are acceptable. It should be noted that Eq. (4.24) were derived 

for RE,r and RE,p is greater than 3 and 0.2, respectively. 
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Fig. 4.35 Tendency of damage extent of the beams against non-dimensional typical parameters 

 

Fig. 4.36 Comparison of the predicted deflection evolution of the grillage using the proposed 

formulas with the numerically observed data 
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This study conducted the experimental and numerical investigations into the response of 

grillages under repeated mass impacts at room and sub-zero temperatures. In the experiments, 

tensile tests were performed to obtain the mechanical properties of the test model materials. 

Repeated mass impact tests were successfully conducted on four steel grillages at room and 

sub-zero temperatures (-50 °C). Numerical analyses of the tested models were also 

performed using the ABAQUS software package. The experimental results can be used to 
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offshore structures. Based on the results of this study, the following conclusions can be 

drawn: 

Permanent deflections increased gradually as the number of repeated impacts increased, 

whereas the permanent deflection increments decreased significantly, which has been 

confirmed by Cho et al. [91] and Truong et al. [110]. Moreover, as temperatures decreased, 

the permanent deflections and deflection increments also decreased. However, a pseudo-

shakedown state [120] was not achieved experimentally and numerically. In addition, these 

increments were quickly decreased in the lower impact velocity case, lighter striker mass 

case, and lower temperature as well as in the higher flexibility of striker. 

As the evolution of repeated impacts progresses, contact force increases, while impact 

duration gradually decreases. The rebound velocity of the striker also increased. Striker 

rebound is caused by the elastic spring-back of the impacted structure. Therefore, increase 

in rebound velocity lead to increases in material yield strength of the material increased, 

which has been confirmed by Huang et al. [86], Cho et al. [91], Truong et al. [110], and 

Johnson [121]. 

Nonlinear finite element analyses using the commercial software package ABAQUS were 

undertaken. Numerical results were compared to test results to predict the extent damage to 

structures from repeated impacts. In the calculations, the material properties of the tested 

models were used to determine the strain hardening and strain rate hardening models, using 

the recently proposed equations by Park [101]. It was confirmed that the numerical 

modelling technique developed in this study could predict the extent of damage to a tested 

model subjected to repeated mass impact. 

The effects of different boundary conditions (such as fully clamped, fully pinned, and real 

constraints) for transversely supported beams and extra longitudinal beams on the dynamic 

impact responses of the tested models were evaluated. It is concluded that the real boundaries 

(implying interactions between surrounding elements and the mid-longitudinal beam) 

produce a good agreement with experiments in terms of permanent deflection as the test 

models consist of the transverse beams that interacted with the longitudinal beam. 

The deflection ratio, wi/w1 is linearly decreased when the impact velocity and mass of 

striker are increased and the temperature is decreased for whole impacts. However, when the 

impact position is moved from the mid-length to near the support as well as increased the 

flexibility of the striker, this deflection ratio is slightly increased. In addition, this ratio is 

also increased with the number of impacts. 

Surprisingly, an increase in stiffness of striker as the rigid body without its rotation during 
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impacts provides a negligible change in permanent lateral deformation at the first impact, 

while the reduction of permanent deflections of the model is noticeably achieved after using 

harder strikers for a subsequent impact. 

Depending on the impact position, the structural responses can be noticeably different. 

Therefore, in developing structural design guidance against impacts, several critical impact 

locations should be considered. 

Reasonable agreement between the analytical prediction and test results of the grillage 

was archived for a couple of initial impacts, while an overestimation of the permanent 

deflection for the subsequent impacts was observed. The discrepancies are presumably due 

to the simple boundary conditions assumed and the negligence of the energy dissipation by 

the elastic vibration of the grillage structure. For more rational marine structural design 

against repeated mass impacts, further improvements of the proposed analytical method 

seem required. 

Using the results obtained through extensive numerical simulations, simple yet accurate 

design formulae to predict the evolution damage of grillages due to repeated mass impacts 

were derived as a function of non-dimensional impact parameters, mass ratio and the number 

of impacts. The derived simple formulae are in good agreement with the numerical analysis 

results.  
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Chapter 5 

Response of aluminium-alloy plates 

under repeated mass impacts 

5.1 Introduction 

Nowadays, aluminium alloys are considered to be vital materials due to their light weight 

and non-corrosive properties [122]. Also, the energy absorption capacity per unit density of 

aluminium is high when compared to conventional steel. Aluminium-alloy panels have been 

widely used for marine applications like the construction of boats and high-speed catamarans 

as well as offshore structures. As part of gaining a better understanding of the impact 

problem and development of reliable design tools, it is crucial to thoroughly understand the 

material and structural dynamic behaviour to investigate deformation under extreme 

loadings such as repeated mass impacts.  

Over many years, in the case of low impact velocity, many researchers have only 

investigated the effect of single impact on aluminium-alloy beams and plates [123-132]. 

Several researchers have also tried to study the effect of repeated impacts on small 

aluminium plates [85, 86, 90, 120, 132, 133]. Rajkumar et al. [132] have experimentally 

investigated the response of repeated low-velocity impacts on an aluminium Al6061 plate 

and glass fibre/epoxy-Al metal laminates (GEAML) and carbon fibre/epoxy-Al metal 

laminates (CEAML). They concluded that Al plates, GEAML and CEAML experienced 

different behaviours for both loading bearing capacity and damage pattern. Zhu [133] 

numerically performed the repeated impacts on plates of ships and offshore platforms using 

the variational finite difference method (VFDM) developed by Zhu and Faulkner [134]. 

However, effects of repeated mass impacts on the extents of damage of aluminium-alloy 

plates have not been fully investigated yet.  



127 

The purpose of this study is to compare the results of a series of experimental tests 

previously reported by Zhu and Faulkner [85] and Huang et al. [86] with nonlinear finite 

element (FE) analyses using shell and solid element as well as strain rate hardening using 

Cowper-Symonds [102] equation together with material constants proposed by Bodner and 

Symonds [135]. A development of FE model using the commercial package ABAQUS 

software was first validated against by experimental data from the open literature. 

Comparison of the numerical predictions with those of the test results showed a reasonable 

agreement. After substantiation of the analysis method, the further numerical simulations 

were then carried out by varying several important parameters such as the mass of striker, 

initial impact velocity as well as the shape of striker to examine the effects of these changes 

on the impact response of aluminium-alloy plates under repeated mass impacts. 

5.2 Dynamic repeated mass impacts on aluminium-alloy 

plates 

5.2.1 Review of experiments 

5.2.1.1 Tests from Zhu and Faulkner [85] 

A series of test on aluminium-alloy plates under repeated mass impacts has been 

conducted by Zhu and Faulkner [85] using a runway testing machine in the Department of 

Naval Architecture and Ocean Engineering, University of Glasgow, UK. The experimental 

tests represent a repeated impact events in which a fully clamped rectangular plate is 

repeatedly collided by a rigid wedge mass travelling with an initial velocity, at the centre of 

the plate as shown in Fig. 5.1a.  

The tip of the wedge was sharp having vertical length 100 mm. The mass range of the 

striker could be varied from 15 kg to 60 kg and impact speed up to 5000 mm/s. The plate 

specimen was made from a strain rate insensitive aluminium-alloy (1.65 mm thick) with 

mechanical properties listed in Table 5.1 obtained from Zhu and Faulkner [85]. In the test, 

the length of the plate (2L) was fixed at 200 mm and the width of the plate (2B) could be 

varied from 150 mm to 250 mm. To gain kinetic energy, the striker was released from a pre-

determined height to run freely along a runway and impact-expected position of striker for 

the first collision was then configured. After each impact, the central permanent deflection 

of the plate was measured. Then, the next impact test was performed after setting the same 

predefined height and position with the previous impact event. Two impacts were conducted 

for each model. The impact condition of two models was summarised in Table 5.2. Full 
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experimental details and discussions of experimental results may be found in Zhu [136], and 

Zhu and Faulkner [85]. Some of the plastic deformation test results of models AL07 and 

AL10 are used here to validate the FE model proposed in this paper.  

Table 5.1 Mechanical properties of materials 

Properties Unit 
Zhu and Faulkner [85] Huang et al. [86] 

AL07 and AL10 AL-1 and AL-2 

Thickness, t mm 1.65 2.5 

Density, ρ kg/m3 2700 2700 

Young’s modulus, E MPa 70000 70000 

Poisson’s ratio, ν - 0.33 0.33 

Hardening modulus, Eh MPa 310 - 

Yield strength, σY MPa 115 240.8 

5.2.1.2 Tests from Huang et al. [86] 

In addition, Huang et al. [86] carried out a series of the repeated mass impact tests to 

examine the pseudo-shakedown behaviour of four circular clamped aluminium-alloy plates 

having a thickness of 2.5 mm, and diameter of 300 mm with a yield strength of 240.8 MPa. 

The impact tests were carried out on a drop hammer rig using a 9.14 kg hemispherical header 

with a diameter of 60 mm, as shown in Fig. 51b. Full experimental details and discussions 

of experimental results may be found in Huang et al. [86]. Some typical test results of models 

AL-1 and AL-2 summarised in Table 5.3 representing plastic deformation were utilised to 

examine the current numerical analysis method. 

 

(a) 
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(b) 

Fig. 5.1 Schematic of experimental setup: (a) Zhu and Faulkner [85], (b) Huang et al. [86] 

 

Table 5.2 Impact test conditions for the models AL07 and AL10 and the comparison of the test and 

numerical results for maximum permanent deflection 

Model 

Sharp striker  

Type of 

element 

Max. permanent deflection 
Bias 

(Num./Exp.) Mass 

[kg] 

Initial velocity 

[mm/s] 

Tip 

length 

[mm] 

Exp. 

[mm] 

Num. 

[mm] 

1st 2nd 1st 2nd 1st 2nd 1st 2nd 

AL07 12.8 2413 2528 

100 

Shell 
7.95 10.71 

7.59 11.33 0.95 1.06 

Solid 7.92 11.62 0.996 1.09 

AL10 12.8 1826 1802 
Shell 

5.55 7.40 
4.93 7.29 0.89 0.99 

Solid 5.52 7.62 0.94 1.03 

 

Table 5.3 Comparisons of numerical predictions with test results for permanent deflection of models 

AL-1 and AL-2 

Impact 

AL-1 AL-2 

Exp. 

[mm] 

Num. [mm] 
Xm 

(Num./Exp.) 
Exp. 

[mm] 

Num. [mm] 
Xm  

(Num./Exp.) 

Shell Solid Shell Solid Shell Solid Shell Solid 

1 5.1 5.35 5.42 1.05 1.06 7.0 8.08 8.13 1.15 1.16 

2 6.2 6.63 6.66 1.07 1.07 8.8 10.43 10.42 1.19 1.18 

3 7.1 7.27 7.28 1.02 1.03 10.0 11.88 11.90 1.19 1.19 

4 7.3 7.65 7.62 1.05 1.04 10.6 12.97 13.04 1.22 1.23 

5 7.5 7.88 7.83 1.05 1.04 10.8 13.79 13.87 1.28 1.28 

5.2.2 Nonlinear finite element modelling 

5.2.2.1 General 
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The FE model is developed here to simulate the dynamic behaviour of aluminium plate 

under repeated mass impacts using the commercial software package ABAQUS/Explicit 

[98]. In the following sections, the procedures for implementation of the numerical model 

with acceptable accuracy using ABAQUS program were described. Fig. 5.3 shows the FE 

models of the aluminium plate which replicate the full-scale tests. By considering the 

symmetry of the test setup and the boundary conditions, a quarter-model approach was used 

for the analysis to save computation time. 

5.2.2.2 Material definitions 

The definition of the specimen plate material is most important, and thus the mechanical 

properties of the model material s provided in the relative references were used in the current 

FE models in order to provide an accurate representation of the experimental material of the 

models in the simulation. From Zhu and Faulkner’ tests material properties, a simple linear 

hardening for a true stress-strain relation, proposed by Park and Cho [82], was utilised: 

h
tr Y pl

h

EE

E E
   


 (5.1) 

where σtr is the true stress corresponding to true plastic strain εpl and σY is the yield strength. 

However, since yield strength was provided by Huang et al. [86], according to the range 

of thickness and yield strength the class of aluminium-alloy was acceptably assumed as 

AL6061 T6 [137] summarised in Table 5.1. Next, the Ramberg-Osgood [138] equation (Eq. 

5.2) was applied to generate the engineering stress-strain curve. Simply, a true stress-plastic 

strain relation was then converted by using Eqs. (3.1) - (3.2) and (4.5), as mentioned in the 

previous Chapters 3 and 4, respectively. 

0.002

n

YE

 




 
   

 
 (5.2) 

where ε and σ are the engineering strains and stress, respectively and n is the hardening 

exponent. The value of n was chosen to be 23 [137]. All other parameters of materials were 

also listed in Table 5.1. 

In this study, since only plastic deformation model was considered, no fracture criterion 

is defined. Fig. 5.2 shows the typical true stress-plastic strain curves used in the current 

analyses, which were implemented in ABAQUS/Explicit as tabulated data. 
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Fig. 5.2 True stress-plastic strain curves applied for the numerical analysis 

In addition, published experimental results for aluminium-alloy beams [78, 123] showed 

that they are essentially strain rate insensitive. Hence, strain-rate sensitivity was not included 

in numerical simulations here. For verification of this statement, a strain rate model will be 

opened to briefly discuss in the later section. 

5.2.2.3 Element and mesh size design 

The numerical model is designed with two following components (Fig. 5.3): plate (and 

clamping parts) and striker. The plate model modelled by four-node doubly-curved shell 

elements with a reduced integration scheme (S4R), hourglass control and finite membrane 

strains and 8-node linear brick, reduced integration, hourglass control (C3D8R) from 

ABAQUS element library are used. The striker was modelled as a discrete rigid surface and 

mesh with R3D4 elements from ABAQUS element library, which is a four-node 3-D bilinear 

rigid quadrilateral element (no deformation during impacts). 

A mesh convergence test was carried out to ensure the mesh refinement in the aluminium 

plate was sufficiently fine enough to capture the stresses and deformations with reasonable 

accuracy. The contact area of the model is expected to be modelled with fine mesh which is 

1 mm × 1 mm and 1 mm × 1 mm × 0.825 mm of models AL07 and AL10 and 3 mm × 3 mm 

and 3 mm × 3 mm × 1.25 mm of models AL-1 and AL-2 for shell and solid elements, 

respectively. The element meshes are sparse in the region far away from the contact area. 

Some median mesh sizes are necessarily used in the translation regions between the fine 

meshing region and sparse meshing region, as shown in Fig. 5.3. In this study, the 

convergence tests were only performed for a first impact event, hence all subsequent 

analyses were conducted using the same mesh size with that of the first impact. 

0

100

200

300

400

500

0 0.05 0.1 0.15 0.2 0.25 0.3

T
ru

e
 s

tr
e
s
s
 [
M

P
a
]

True plastic strain [-]

AL07 and AL10

AL-1 and AL-2



132 

5.2.2.4 Boundary conditions and contact definitions 

In the Zhu and Faulkner’s experiments, the plate was fixed onto strong steel frame through 

the bolts, hence in the present FE model, the aluminium plate model was constrained in all 

degrees of freedom at all edges. For the striker, only the vertical translation is free, in whose 

direction the initial impact velocity is assigned. The boundary conditions of the numerical 

model applied for all analyses during impacts were also shown in Fig. 5.3a. Similarly, the 

boundary conditions including clamping fixtures shown in Fig. 3b were applied for models 

from Huang et al. [86]. 

 

 

 
 

(a) 

 

 
 

(b) 

 

Fig. 5.3 Finite element models: (a) models AL07 and AL10, (b) models AL-1 and AL-2 

In the current study, the contact algorithm, namely, “General contact” from ABAQUS 

contact library is used to simulate the contact behaviour between the striker and the 
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aluminium plate model during impacts. For Zhu and Faulkner’s model, the “Hard” 

frictionless contact was also defined between striker and model. For Huang’s model, the 

penalty and “hard” contact methods were used to define the tangential and normal interaction 

behaviour of the possibly self-contact among the part of the model during impacts. The 

friction coefficient was assumed to be 0.3. The bolt connections between plate and upper 

and lower clamping fixtures were simply modelled using “Tie” constraint from ABAQUS 

library.  

5.2.2.5 Repeated impact scenario 

The repeated impacts are simulated by performing the calculations repeatedly. After each 

impact, the simulation the artificial material damping is introduced in the model and then 

the calculation is performed until all residual vibration of the model disappears. The initial 

velocity corresponding to the experimental data is then given to the striker to simulate the 

later impacts, and the next impact simulation is started again until the third impact. In each 

of the restarted analyses, deformed shape, residual stresses, and strain in the current model 

due to the previous impact are preserved by the edit predefined field function of 

ABAQUS/Explicit [98] with the initial state field applied. 

5.2.2.6 Validation of numerical analysis 

Fig. 5.4 shows the shapes of deformation after second and fifth impacts including von 

Mises stress distribution on the plates AL10 and AL-1, respectively. As seen in the figure, 

the denting line was formed along the tip of the striker. In addition, the maximum stress can 

be seen at the ends of denting line due to the corner of the striker tip. However, the local 

indentation at the ends of denting line can be clearly detected when using solid elements was 

considered. Table 5.2 summarised the maximum permanent deflection for two models. 

As seen in Fig. 5.5a, a good comparison of the experimental results and predictions for 

maximum permanent deflection, especially for the lower kinetic energy model AL10 (i.e. 

lower value of impact velocity) is achieved for both shell and solid element models.  
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(b) 

Fig. 5.4 Profile of deformed shape of the quarter: (a) model AL10 and (b) AL-1 after the 2nd 

impact and the 5th impact, respectively. 

 

(a) Models AL07 and AL10 

 

(b) Models AL-1 and AL-2 

Fig. 5.5 Comparison of the test and numerical predictions for maximum permanent deflection 
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From Table 5.2 and Fig. 5.5a, it can be seen that the maximum permanent deflections 

were gradually increased with the number of impacts. However, the increments of the 

permanent deflections can be reduced regardless of the impact velocities as increasing in 

repetitions of impact loads.  

As seen in the table and figure, some discrepancies exist between the tests and numerical 

predictions for both model AL07 in the second impact. This is believed to be primarily 

caused by the possible difference between the material properties in the test and in the 

numerical simulation. The material definition in the simulation is only based on only yield 

strength and elasticity modulus, tangent modulus provided in Zhu and Faulkner [139]. The 

linear true stress-plastic strain curve was then applied together with corresponding strains 

were given from statistical standard aluminium group. Also, the strain rate effects were not 

defined which might lead to unrealistic behaviour of the material in numerical analysis. 

Further experimental and theoretical investigations are required, including the material 

property related to strain rate effects and their interaction with the strain hardening. However, 

the better predictions on the permanent deflections were observed for lower velocity case. 

Fig. 5.5b shows the maximum permanent transverse deflection of two models AL-1 and 

AL-2 (drop heights of 0.5 and 1.0 m, respectively) recorded in the repeated mass impact 

tests on the clamped aluminium plates from Huang et al. [86] and numerical results obtained 

from simulating these tests (Table 5.3) as well as analytical predictions calculated by Jones 

[116]. It is apparent in the figure that a reasonable agreement between test and numerical 

results was achieved. The numerical predictions show a good correlation with the test results 

in terms of both permanent deflections and increments of deflections. Although Jones [123] 

predicted the permanents quite well for the first two impacts of model AL-2 and for the third 

and fourth impacts of model AL-1, the permanents of other impact event and the increment 

of deflections is somehow largely overestimated. 

The only significant difference between the test and numerical results of model AL-2 

(higher drop height) is that the numerical response is higher than test response in term of 

plastic deformation for the three last impacts. This over-prediction of current analysis for the 

last three impact for higher impact velocity in Fig. 5.5b is possibly linked to the neglect of 

material strain rate effects which may cause the unrealistic dynamic behaviour of plate model 

in the numerical analysis. Moreover, since strain hardening properties were not presented, 

assuming material properties for the aluminium plate based on only the yield strength and 

thickness could be somehow different from experimental materials. However, as seen in the 

figure for the two models, better predictions may be obtained for a lower drop height of 

striker case. Further experimental and theoretical investigations are, however, required, 

including the material property related with strain rate effects and their interaction with the 
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strain hardening. In general, the good agreement can be seen between the test and the 

numerical results presented (Fig. 5.5b). It may thus be concluded that the current numerical 

models are able to provide a reasonable simulation for similar impact problems on 

aluminium-alloy plates. 

5.2.3 Results and discussion 

5.2.3.1 Impact force 

Fig. 5.6 shows the simulated force-deflection curves for two impacts of model AL10 using 

both solid and shell elements. The first impact yields the lowest impact force and the longest 

impact duration. As the number of impacts increases, the impact force increases but the 

impact duration decreases significantly. In other words, when the number of impacts 

increases the material can recover the elasticity. 

 

Fig. 5.6 Time variation of the simulated impact force 

5.2.3.2 Impact force-deflection curves 

It is shown in Fig. 5.7 that at the beginning of the second impact, the force-deflection 

curve model AL10 using both solid and shell elements rises along the unloading curve of the 

first impact. When the impact force reaches the maximum impact force of the first impact, 

the curve will changes slope and rises steadily with the same with the slope of the loading 

curve of the first impact. With the increase of impact number, the slope of the unloading 

curve at second impact is steeper than that in the first impact. These observations were 

similar to those in Zhu [134].  
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Fig. 5.7 Force-deflection curves 

5.2.3.3 Velocity of striker 

The velocity changes of the striker of model AL10 using both solid and shell elements are 

revealed in Fig. 5.8, which shows the increase of the rebound velocity as the increase of the 

number of impacts. Accordingly, the increase of the rebound velocity indicates the increase 

of the accelerations and the impact forces. As shown in Fig. 5.7, in the second impact the 

plate become stiffer indicating the higher slope and rebound velocity revealed in Fig. 5.8 

compared to that in the first impact. 

 

Fig. 5.8 Time variation of the simulated striker impact velocity 

5.2.3.4 Effect of boundary conditions 

In theoretical models the boundary conditions must be idealised by either imposing full 

restraints or allowing translations and rotations, which may not always represent the actual 

case. To clarify this issue, the effect of idealizing the boundary conditions is assessed by 

0

2

4

6

8

10

0 2 4 6 8 10 12

Im
p
a
c
t 

fo
rc

e
 [

k
N

]

Deflection [mm]

AL10-1st-solid elements

AL10-2nd-solid elements

AL10-1st-shell elements

AL10-2nd-shell elements

-2000

-1000

0

1000

2000

0 0.002 0.004 0.006 0.008 0.01 0.012

S
tr

ik
e
r 

v
e
lo

c
it
y
 [

m
m

/s
]

Time [s]

AL10-1st-solid elements

AL10-2nd-solid elements

AL10-1st-shell elements

AL10-2nd-shell elements



139 

comparing with fully modelling the experiment conditions. Three cases were considered: 

fully restrained translations and rotations; free rotations of all edges of the plate; only two 

edges perpendicular to denting line were pinned, while other two edges were fully fixed. A 

comparison is made for the impact conditions of AL10 with solid elements. The resulting 

force-deflection curves are shown in Fig. 5.9. It is not surprising that the pinned conditions 

do not well represent the actual case because the ends of the plate were firmly clamped in 

the tests. Fig. 5.9 shows that although the responses for each boundary condition are similar 

in the initial phase, there is slight higher resistance against denting in the moderate-to large-

deformation range when the ends are not free to pin. This further proves that the initial phase 

is the main forming concave of the in-plan plate. 

 

Fig. 5.9 Force-deflection curves for idealised and actual boundary conditions 

5.2.3.5 Effect of strain rate hardening definitions  

In addition to boundary conditions, although some researchers [78, 123] mentioned that 

aluminium-alloys are essentially strain rate insensitive, some others have different inclusion 

on that as mentioned in the previous section. Therefore, it seems necessary to investigate the 

effect of strain rate, particularly in this study. The Cowper-Symonds constitutive equation 

widely used for structural impact problems is used here to simulate the strain-rate sensitive 

behaviour of steel under repeated impact loadings. The Cowper-Symonds constitutive 

equation Eq. (3.10) mentioned in the previous chapters is applied. Since the actual 

experimental program did not include dynamic tensile tests to determine the material 

constants in Eq. (3.10), the material constants D and q were assumed to be 6500 s-1 and 4, 

respectively [135].  

Fig. 5.10 shows that the overall response tendencies are not affected by the strain-rate 

effect definition. Applying the strain rate effect definition slightly increases the stiffness of 

the struck model. Thus, the permanent deflection lightly depends on this definition. It should 
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be noted that for this particular case, negligence of the strain rate effect results in 3.51% and 

2.20% for the first impact and second impact, respectively for solid element model, and 2.00% 

and 1.53% for the first impact and second impact, respectively for shell element model, 

compared with the case of using nominal strain rate coefficients. 

 

Fig. 5.10 Effect of strain rate on force-deflection curves 

5.3 Parametric study 

5.3.1 Introduction 

The validated numerical solid elements model together with no consideration of strain 

rate effects was employed to conduct a relatively extensive parametric study. Effects of some 

key parameters on the response of aluminium alloy plates against repeated mass impacts are 

investigated. Particularly, effects of changes in the mass of striker (5 kg and 20 kg), the initial 

velocity of the striker (1500 mm/s and 2500 mm/s) and striker shape (hemispherical and 

rectangular shapes) on the impact response of aluminium-alloy plates were numerically 

explored. The numerical analysis results are presented in terms of force-deflection curves. 

As a basis, the test conditions of model AL10 presented are adopted in the parametric studies. 

5.3.2 Effect of striker velocity 

The impact energy is varied by increasing the initial impact velocity. The impact energy 

is proportional to the square of velocity, accordingly for larger impact velocities the energy 

to be dissipated will result in larger deformations and impact force as well as longer impact 

duration for whole impacts. The force-deflection curves for various impact velocities, which 

are shown in Fig. 5.11, indicate the slopes of these curves are the same implying the stiffness 
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of the plate seems unchanged due to no consideration of strain rate effects for the aluminium-

alloy plate. In fact, strain-rate insensitivity was a typical characteristic of aluminium-alloy. 

It is, however, important to note that for other materials, such as mild steel, the strain-rate 

sensitivity should be included [123]. 

 

Fig. 5.11 Force-deflection curves changing in impact velocity 

5.3.3 Effect of striker mass 

Secondly, the effect of the mass of striker on the response of aluminium plates under 

repeated mass impacts was investigated. The impact energy is varied by increasing the mass 

of the striking object. The force-deflection curves with the number of impacts for different 

masses of the striker obtained from simulations are shown in Fig. 5.12. From the figure, the 

impact force and maximum permanent deflection of the plate increase almost linearly with 

the increase of impact velocity of the striker for two impacts. The larger the mass of the 

striker, the larger is the maximum deflection. 

 

Fig. 5.12 Force-deflection curves changing in mass of striker 
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5.3.4 Effect of striker shape 

So far the load was applied through a knife-edge striker. The impact area for this type of 

striker is confined to a line on the aluminium plate. In reality, the contact area might be larger 

than that and at the first contact extend to stiffeners of structures as well. To assess the effect 

of various contact areas two additional strikers were considered, namely, hemispherical and 

rectangular strikers. Fig. 5.13 shows the two cases considered. The diameter and the width 

of indenting surfaces are one-third the lengths of the tip of knife-edge striker. The corners of 

the rectangular striker were filleted. The first case resembles bulbous bow impact and the 

second case stern or side impact of a berthing vessel. 

 

(a) 

 

(b) 

Fig. 5.13 Impact with different indenter surfaces: (a) hemispherical striker and (b) rectangular 

striker 

For the same impact conditions given for model AL10, the force-deflection curves are 

shown in Fig. 5.14. As it is apparent in Fig. 5.14, the most severe case is when the load is 

applied through a hemispherical striker which resembles highly localised point loading. 

Contrary to the hemispherical striker case, when the load is applied through a rectangular 

striker or knife-edge striker, the resistance is greatly higher than the hemispherical striker 

case regardless of the number of impacts. In this case, the load is distributed in a very large 

area both in transverse and longitudinal directions at the initiation of the impact. However, 
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a critical point is the strain concentration at the contact points with the knife-edge ends or 

corners of the rectangular striker and the plate. These are the hot spots for tearing of the plate, 

as shown in Fig. 5.15. In practice, collisions involving sharp corners of stem structure or 

deformed shape of the striking vessel and ice floes while crushing possess such danger. 

 

Fig. 5.14 Force-deflection curves for various types of striker surface 

 

 

Fig. 5.15 Strain concentration at the points in contact with knife-edge striker ends and corners of 

rectangular striker after the 2nd impact 

From the design point of view, it is necessary to consider not only the accumulation of 
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permanent deformations due to repeated impacts but also the extreme straining due to 

localised forces. It means that the response of plate under repeated impact forces distributed 

over a small area (local forces) should be assessed based on the strain. Strength design for 

such case is applicable if based on a particular structure of the striking vessel, the crushing 

forces and force intensities are defined. The plate should be able to resist these localised 

forces due to impact, especially repeated impacts. 

5.4 Final remarks 

The finite element model developed was successfully used to predict the damage of 

aluminium plates subjected to repeated mass impacts with a considerably good agreement 

comparing with tests in terms of permanent deflections. The finite element analysis also 

reveals that the aluminium plate experiences the coupled local and global deformation as 

well as local indentation at contact points during repeated impact loadings. 

The permanent deflection and its increment can be reduced when the number of repeated 

impacts is increased. The structural stiffness of plates increases with an increase in the 

transverse deflections owing to membrane force generated during impacts. The impact force 

increases but the impact duration decreases significantly as impact number increases. In 

other words, when the number of impacts increases the material can recover the elasticity. 

As the striker mass reduced and increased, the damage of structures and impact force can 

be decreased and increased significantly, respectively, regardless of the number of impacts. 

However, the impact duration can be changed accordingly. 

Likewise, the change in the striker mass, when the initial impact velocity has changed the 

deformation of plates changed accordingly, while the stiffness of the structures may be 

unchanged due to the insensitive strain rate of aluminium-alloy plates and the impact 

duration also decreased with the number of impacts. 

When a plate is struck through a hemispherical striker which resembles highly localised 

point loading lead to most serve damage to the plate. However, when the load is applied 

through a rectangular striker or knife-edge striker, the resistance is greatly higher than the 

hemispherical striker case regardless of the number of impacts. However, a critical point is 

the strain concentration at the contact points on the plate. These are the hot spots for tearing 

of the plate. In reality, the tearing of the ship plate could result in the spillage of liquefied 

gas cargo [139]. Hence, from the design point of view, it is necessary to consider not only 

the accumulation of permanent deformations due to repeated impact forces but also the 

extreme straining due to localised forces from impacts.  
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Chapter 6 

Response of plates under repeated 

blast loadings 

6.1 Introduction  

As stated in Ref. [140], it is crucial to design the naval ship structures considering 

explosion loads resulting from threat weapons because the striking power in the modern sea 

combat environments is becoming stronger. For the more effective design of naval ships 

against air blast or underwater shock threats, it is necessary to predict structural response of 

naval ships to explosion loads. 

 

Fig. 6.1 Full ship shock trial [144] 

The explosion in air or water generates a shock wave pressure characterised by high peak 

value, short duration and high propagation speed. It is well-known that this pressure load is 

referred to as a blast-type pulse. Details of the blast loads can be found in Refs. [141–143]. 

Sturtevant [144] reported the full ship shock trials (FSST) done by US Navy, as shown in 

Fig. 6.1. The current FSST practice consists of three UNDEX shots at large stand-off 
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distances abeam of the ship. The costs of this trial were extremely expensive. It is, therefore, 

necessary to acquire an alternative or similar numerical simulation. 

Many researchers have investigated the effect of single impulsive on steel structures [145-

161]. Houlston et al. [145, 146] performed the experimental and numerical investigations on 

the structural response of ship panels, namely square plate to free field air blast explosions. 

Olson et al. [147] conducted the experimental and numerical investigations on the 

deformation and rupture of blast loaded square plates. Nurick et al. [148] presented the 

experimental and numerical results for fully built-in stiffened square plates subjected to blast 

pressure loading. Nurick and Shave [149] presented the experimental deformation and 

tearing of thin square plates subjected to impulsive loads. Nurick et al. [150] also presented 

the experimental tearing results for clamped circular plates subjected to uniformly loaded air 

blasts. Wierzbicki et al. [151] carried out the experimental and theoretical investigations to 

determine the location of tearing failure and the critical impulsive to failure. Rudrapatna et 

al. [152] developed the numerical analysis model to predict the failure mode of plate under 

blast loading. Schleyer et al. [153] conducted a large series of pulse pressure loading tests 

on 1 m × 1 m, clamped mild steel plates with different in-plane edge conditions. A novel 

experimental device was used to produce uniform, repeatable pulse pressure loads of an 

approximate triangular form. The elastic-plastic analytical approach was used to predict the 

maximum and residual deflections of the test plates under dynamic loading with reasonably 

good success. Schleyer et al. [154] also performed the series of tests on 16 plates, eight 1 m 

× 1 m ×2 mm thick and eight 0.5 m × 0.5 m × 1 mm thickness under uniformly distributed 

triangular pulse pressure loading producing large inelastic deformations without tearing or 

rupture. Jacob et al. [155] presented the experimental and numerical results on clamped mild 

steel quadrangular plates of different thicknesses (1.6, 2.0, 3.0 and 4.0 mm) and varying 

length-to-width ratios (1.0–2.4) subjected to localised blast loads of varying sizes. In 

addition, numerical predictions are carried out and compared with experiments for a limited 

selection of plate geometries. Chung Kim Yuen and Nurick [156], and Langdon et al. [157] 

reported the experimental and numerical works on the response of built-in mild steel 

quadrangular plates with different stiffener configurations (unstiffened, single, double, cross 

and double cross), subjected to blast loading. Bonorchis et al. [158] examined the effects of 

welded boundaries on the localised blast load response of mild steel plates. Two types of 

welding are examined, TIG and MIG welding. Jacob et al. [159] presented the experimental 

and theoretical investigations on the effect of stand-off distance on the failure of fully 

clamped circular mild steel plates subjected to blast loads. Appropriate modifications are 

introduced to account for the effect of stand-off distance on plate deformation. The modified 

analyses show satisfactory correlation with experimental results. Langdon et al. [160] 

presented the results of an experimental and numerical investigation into the influence of 
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hole size and thickness on the performance of mild steel perforated plates as a blast wave 

mitigation technique. Results of the blast tests showed that the perforated plates with small 

hole sizes reduced the damage imparted to the target plate by reducing the target plate mid-

point deflection and increasing the tearing threshold impulse. Langdon et al. [161] also 

presented results from an experimental investigation into the influence of material properties 

on the response of plates subjected to air-blast loading. The failure of mild steel, armour 

steel, aluminium alloy and fibre reinforced polymer composite plates were investigated 

experimentally by detonating disks of plastic explosive at small stand-off distances. 

Literature review shows that focus on most of studies so far has been on the response of 

structures subjected to single blast loading conditions only. In reality, on-going war and 

terrorist attacks contribute to a variety of impulsive loading of structures that often result in 

life-changing injury or death [19]. During service time, whether on peacekeeping missions 

or in the battle field navy ship and armoured vehicles can be subjected to multiple blast loads 

from either improvised explosive devices or landmines. A better understanding of the 

response of structures to multiple blast loads would lead to the improvement of blast resistant 

structures, increasing the level of safety for personnel and cargo in threatening explosive 

environments. 

Recently, Henchie et al. [19] performed experimental and numerical investigations on the 

response of circular Domex-700 MC steel plates under repeated uniform blast loads. The 

Domex 700 steel test plates of thickness either 2 mm or 3 mm are mounted onto a ballistic 

pendulum and subjected to uniform blast load up to five times for repeated loadings. In 

general, the plates show large inelastic global deformation with thinning occurring at the 

clamped boundary and in some cases tearing. A trend of increasing permanent mid-point 

deflection is observed for an increase in charge mass and number of witnessed blast loads. 

In this study, the problem of repeated impulsive loadings in ships and offshore structures 

has been numerically investigated. Repeated impulsive loadings on the plate are numerically 

simulated. Transverse repeated impulsive loads are applied through assuming impulsive as 

a rectangular shape. The model has first been verified against different sets of experimental 

relevant data from the open literature. The validated model has then been employed to carry 

out numerical analyses in order to evaluate the plastic response of plates subjected to 

repeated impulsive loadings. Nine plate models were numerically analysed under multiple 

impulsive loadings using commercial ABAQUS/Explicit package software [98]. In addition, 

parametric study to examine effects of variations in the impulse and scantling configuration 

of plates on the response of plates under multiple impulses was also conducted. Simple and 

practical formulae have been derived to estimate the structural damage of unstiffened and 

stiffened plates under explosion loads. The proposed formulae were obtained by regression 
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analyses of the parametric study results, and the accuracy and reliability of the predictions 

using the proposed design formulation are acceptable. 

6.2 Dynamic repeated uniform blast loadings on circular 

steel plate  

6.2.1 Review of experiments 

6.2.1.1 Single impulsive loading 

The number of unstiffened plate experiment models taken from literature is 180. In 

particular, 15 tests on square plates performed by Olson et al. [147], 4 tests on square plates 

performed by Nurick et al. [148], 43 tests on square plates performed by Nurick and Shave 

[149], 116 tests on circular plates performed by Nurick et al. [150], and 2 tests on square 

plates performed by Chung Kim Yuen and Nurick [156]. Stiffened plate models used in this 

study are also taken from Chung Kim Yuen and Nurick [156], where a total number of 25 

models having either 3 mm or 7 mm stiffeners with different number and arrangement of 

stiffeners. The dimension of the stiffened plates from above Refs. including Nurick was 89.0 

mm × 89.0 mm × 1.6 mm. All models of stiffened plates had a single flat-bar stiffener along 

its centerline. All models were fully fixed at all edges. Materials properties for all test models 

were summarised in Table 6.1. 

6.2.1.2 Repeated uniform blast loadings 

A series of test on 2 mm and 3 mm thick unstiffened circular plates made from DOMEX 

700 of yield strength 750 MPa, having a diameter of 106 mm, under repeated uniform blast 

loadings has been conducted by Henchie et al. [19] using a horizontal ballistic pendulum 

testing machine as shown in Fig. 6.2. They used plastic explosive (PE4) detonated at a 

constant stand-off distance of a 150 mm at one end of a long cylindrical tube to generate a 

blast wave towards a circular steel test plate. The explosive was spread evenly onto a 

polystyrene foam pad over a diameter of 34 mm and centrally located along the longitudinal 

axis of the tube. A fully clamped boundary conditions were applied in all the tests. The 

mechanical properties of test model material were listed in Table 6.1. Full experimental 

details and discussion of experimental results may be found in Henchie et al. [19]. 
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Table 6.1 Mechanical properties of materials used for numerical analysis 

Refs. No. 
Model 

No. 

E 

[MPa] 

σY 

[MPa] 

1. Olson et al. [147] 15 197000 292 

2. Nurick et al. [148] 4 197000 302 

3. Nurick and Shave [149] 43 197000 237 

4. Nurick et al. [150] 116 210000 

251 (diameter=60 mm) 

220 (diameters=80 and 120 mm) 

270 (diameter =100 mm) 

5. Chung Kim Yuen and Nurick [156] 2 206000 242 

6. Henchie et al. [19] 13 206000 750 

 

 

Fig. 6.2 Experimental set-up for the repeated uniform blast tests [19] 

6.2.2 Nonlinear finite element modelling 

In the numerical simulations, the definitions and the modelling strategy given in the 

previous chapters for single beam and grillage models were used, except for load definition. 

These are briefly explained here as well. 

The plate models were meshed using the 4-node doubly curved shell element (S4R). As 

usual, to save computing time while keeping the reliability and accuracy of numerical results, 

the convergence tests were performed. A uniform mesh with element edge size two times of 

the plate thickness is used. 

The material stress-strain curve is not available in the references cited. Therefore, in order 

to tabulate true stress versus equivalent plastic strain data required for the plasticity 

definition in Abaqus finite element analysis, the simple power curve expression presented 
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by Park [101] is used. 

The strain rate effect was applied using Eq. (3.10), as mentioned in Chapter 3, and D and 

q were assumed as 40.4 s-1 and 5, respectively, for the plates made of mild steel, used in 

single impulse tests. However, for the plate used in repeated uniform blasts, q was assumed 

as 5 and D was set as value determined by Eq. (3.11), 3200 s-1 and 355 s-1. No fracture 

criterion was set since rupture was not observed in the tests. Fig. 6.3 shows a typical true 

stress-strain curve applied for the finite element analysis. All plate models were constrained 

in all degrees of freedom for all edges of plates to show experiment conditions. 

 

Fig. 6.3 Typical true stress-strain curve applied for the finite element analysis 

Impulsive pressure loading is characterised as dynamic pressure having a large magnitude 

for short duration. Structural behaviour under such loading has complex aspects comparing 

with those of static loading. Jones [78] presented the fact that it can be idealised energy 

rectangular shape. Samuelides et al. [162] stated that along with a plurality of types of 

impulsive shape, there is no its influence. The response is governed by impulse: 
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In this study, the impulsive loading was assumed to be uniformly distributed over the 

entire surface of the plate with a rectangular shape, as shown in Fig. 6.4, which was 

constructed by the amplitude of impulsive pressure, Pp and impulse duration, τ. Hence, the 

pressure can be calculated to equate with the corresponding impulse as follows: 
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where A is the exposed area of the target structure. For stiffened plates, the pressure was 

assumed to act on the plate side. The duration of the pressure loading, τ, is taken as 15 μs for 

both unstiffened plates and stiffened panels used in single impulse, which is equivalent to 

the approximate burn time of an explosion [163] and much shorter compared to the period 

associated with the lowest natural frequency of the target structures. However, for the plates 

used for repeated uniform blasts, in which the experimental set-up was different from that 

of single impulse tests, the pressure loading duration, τ, is taken as 85 μs. 

The repeated impulsive loadings are simulated by performing the calculations repeatedly. 

After each impulsive, simulation of the artificial material damping is introduced in the model 

and then the calculation is performed until all residual vibration of the model disappears. It 

should be noted that the Rayleigh damping consists of mass proportional Rayleigh damping, 

αR, is used herein to include a damping matrix in the dynamic analysis, as mentioned in 

previous chapters. To obtain an adequate value of αR, preliminary analyses were conducted 

varying the damping coefficients. The coefficient αR was set as the lowest natural frequency 

of the model. The same maximum pressure and duration together with rectangular impulsive 

shape were then applied to simulate the later impulsive, and the next impulsive simulation 

is started again until the tenth impulsive loadings. In each of the restarted analyses, deformed 

shape, residual stresses, and strain in the current model due to the previous impulsive are 

preserved by the edit predefined field function of ABAQUS/Explicit [98] with the initial 

state field applied. The start of each impulsive was specified in increments of 0.005 s, the 

chosen time for the test model to sufficiently come to rest. The first simulated impulsive load 

began at time 0 s and ended at 0.05 s of the 10th impulse. 

 

Fig. 6.4 Idealised impulsive pressure loading profile 

6.2.3 Results and discussion 

Pp 

Pressure 

τ Time 
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6.2.3.1 Single impulsive loading 

The mean and coefficient of variation (COV) value obtained for unstiffened and stiffened 

plates using damping and without damping are given in Tables 6.2 and 6.3.  

Table 6.2 Comparisons of the test and numerical results for unstiffened plate 

Results, Xm (Num./Exp.) No damping Damping 

Mean 0.94 0.84 (-11.04%) 

COV (%) 12.24  13.00 

 

Table 6.3 Comparisons of the test and numerical results for stiffened plate 

Results, Xm (Num./Exp.) No damping Damping 

Mean 1.06 0.94 (-11.05%) 

COV (%) 10.39  12.40 

As seen in the tables, considering damping model in the numerical analysis caused the 

reduction of numerical permanent deflection, as given in the parentheses. Therefore, using 

damping model in numerical analysis should be carefully calibrated considering the 

acceptance of permanent defection reduction. In general, reasonable agreement in terms of 

deformation between the test and the numerical results was achieved. It may be concluded 

that the present numerical model is able to provide a reasonable prediction on the response 

of plates under impulsive loading. 

6.2.3.2 Repeated impulsive loadings 

In Table 6.4, the mean and COV value obtained using different material constant D in the 

strain rate model are given. It is clear that numerical analysis results are very sensitive to the 

using different material constants for the case of unstiffened plates subjected to repeated 

impulsive loadings. 

Table 6.4 Comparisons of the test and numerical results without damping using different material 

constants 

Results, Xm 

(Num./Exp.) 
q 

D [s-1
] 

528368 3200 355 

No 

damping 
Damping  

No 

damping 
Damping  

No 

damping 
Damping  

Mean 
5 

1.41 1.31 (-7.10%) 1.13 1.05 (-7.07%) 1.00 0.93 (-7.19%) 

COV (%) 8.97 7.35 9.12 8.04 8.61 7.53 

Like the numerical analysis of single impulse tests, for the repeated impulse numerical 

analysis, using damping model caused reduction of permanent deflection of blasted plates. 
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In addition, the difference between the test and numerical results is that the numerical 

response is higher than test response in term of plastic deformation, except for the case of 

D=355 s-1. This behaviour seems to be caused by a material model which based only on yield 

stress while other keys of mechanical properties of the actual material such as ultimate stress, 

yield and ultimate strain, and elasticity of modulus were not provided. Moreover, there is no 

consideration of the effect of temperature on the plastic response of the structure under 

impulsive loads in this study, while in this blast experiment, the high temperature was 

generated during blast loading due to burn explosive, hence the mechanical properties of the 

material may be different from that at room temperature. It is should be noted that the present 

study only develops a numerical model for structural analysis under underwater explosion 

where seem to approximately occur at room temperature. However, as seen in the table 

excluding model 1 (2 mm thick plate under 5 g charge mass) and model 6 (3 mm thick plate 

under 5 g charge mass)) models, better predictions may be obtained for the smaller value of 

material constant D case (355 s-1). At this time, the reason for this skewness cannot be 

determined from the results. Further experimental and theoretical investigations are required, 

including the material property related to strain rate effects and their interaction with the 

strain hardening and various temperatures. In general, reasonable agreement in terms of the 

trend of deformation can be seen between the test and the numerical results as presented in 

Figs. 6.5 and 6.6. So far, it may thus be concluded that the numerical model is able to provide 

a reasonable prediction on the response of unstiffened steel plates under repeated impulsive 

loadings. 

 

 

Fig. 6.5 Maximum permanent deflection of the tested models 
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Fig. 6.6 Deformed shape of the tested model against the number of blasts 

6.3 Parametric study 

6.3.1 Introduction 

In this study, numerical computations were performed for various plates. In the numerical 

analyses, the shock wave loadings arising from explosions in air or underwater were 

idealised as impulsive loadings. Note that the accuracy of the numerical predictions was 

substantiated with the corresponding test data. A rigorous parametric study was performed 

based on the validated numerical computation method. The proposed formulae were then 

derived by nonlinear regression analyses of the results of the parametric studies, and they 

are in good agreement with the numerical results. 

Normally, the peak pressure of explosion loads is very high and its duration is very short 

compared to its natural period. It is known that the magnitude of the impact pulse is a crucial 

parameter, while the shape of the pulse does not play a significant role in structural responses. 

According to Jones [78], if peak pressures are10 times higher than the corresponding static 

collapse pressure or more, impact pressure loadings can be simply idealised as rectangular 

pressure pulses with little sacrifice in accuracy. Hence, in this study, the shock wave pulse 

occurred from a noncontact underwater explosion or air explosion of high explosive acting 
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on hull panels are considered as rectangular pressure pulse loads. 

Boundary conditions of the plate are assumed to be fully fixed. Only one-quarter of the 

actual model is analysed and appropriate boundary conditions are implemented at centerline 

boundaries. Convergence tests on different element sizes were performed to decide the 

suitable mesh size. The chosen mesh sizes for unstiffened and stiffened plates were 10 mm 

× 10 mm and 50 mm × 50 mm, respectively. 

For material properties, the constitutive model proposed by Park [101], as mentioned in 

Chapter 3 was applied. Mild steel was used in this study with a static yield strength, σY=249 

MPa; Young’s modulus, E = 206 GPa; density, ρ=7850 kg/m3; and Poisson’s ratio, ν=0.3. 

6.3.2 Unstiffened plates 

Using the numerical method, a rigorous parametric study was conducted on unstiffened 

rectangular plates to generate raw data for the current derivation of design formulae. For all 

unstiffened models the width of plates, b, was 500 mm, which is similar to the longitudinal 

stiffener spacing in many naval ships. However, the length of plates, a, were 1000, 1500, 

and 2000 mm and the thickness, t, were 8, 10, 12, 14, and 16 mm. The aspect ratio of 

unstiffened plates, a/b, varies from 2.0 to 4.0. 

The range of impulses applied to models was 0.5–4.0 kN‧s, which may be high enough to 

generate inelastic deformation. The duration of impulse, τ was assumed to be 15 μs for the 

unstiffened plate, which is equivalent to the approximate burn time of an explosion [163] 

and much shorter than the period associated with the lowest natural frequency of the target 

structures. Ten impulses were repeatedly loaded to the plate. In total, 60 cases, in which one 

case has 10 impulses applied, were numerically performed to obtain the dynamic responses 

of plates subjected to repeated impulsive pressure loadings. 

6.3.3 Stiffened plates 

Here, in order to consider typical structures of naval ships, two types of stiffened plate 

models from Ref. [82] were employed to perform parametric studies in this study. Those are 

5.4 m × 2.5 m stiffened plate, 5.4 m × 5.0 m stiffened plate with a longitudinal girder at the 

centerline of the plate. The structural arrangements and sizes of stiffened plates are shown 

in Fig. 6.7. All models are stiffened with longitudinal and transverse frames at a uniform 

spacing. 

The different thicknesses of plates (t=8, 10, 12 and 14 mm) were considered for each 



156 

model. The material of all stiffened plate models was assumed to be mild steel, whose 

material properties were the same as those for the unstiffened plate models. For simplicity, 

the material properties of plate and stiffener were the same. After performing convergence 

test, uniform elements of size 50 mm × 50 mm meshed for all plates and stiffeners. 

 

(a) 

 

(b) 

Fig. 6.7 Geometry of the stiffened plate models, (a) 5.4 m × 2.5 m model, (b) 5.4 m × 5.0 m model 
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The range of impulse applied was 8.0–70.0 kN‧s for the 5.4 m × 2.5 m model, and 16.0–

140.0 kN‧s for the 5.4 m × 5.0 m models. The duration of impulsive loadings was assumed 

to be 1 ms, which is shorter than natural periods of these stiffened plate models. Ten impulses 

were repeatedly loaded to the plate. In total, 40 cases, in which one case had 10 impulses 

applied were calculated in the parametric study. 

 

(a) 2as unstiffened plate 

 

(b) 2.5 m × 5.4 m stiffened plate 

Fig. 6.8 Deflection time histories of plates having a thickness of 8 mm at the centre of the plate, for 

various impulses. (2as8t500i denotes plate has the aspect ratio of 2 and thickness of 8 mm under 

impulse =0.5 kN‧s) 
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Fig. 6.9 Variation of normalised permanent deflection of a plate for various impulses 

In Fig. 6.8, typical deflection histories of the unstiffened plate with a/b=2, t=8 mm applied 

impulses are 0.5, 1.0 and 1.5 kN‧s, and a 2.5 m × 5.4 m, t=8 mm stiffened plate model when 

applied impulses of 2.5, 5.0 and 10.0 kN‧s, are shown. The figure shows the deflection 

histories at mid-point of the plate. When the impulse is small, recognizable elastic spring-

back and elastic vibrations can be seen after the peak points. However, when the impulse is 

largely increased, for example, 1.5 kN‧s for the unstiffened plate, which is corresponding to 

Φp=8.4, most of the defection is plastic and elastic behaviour is negligible. Note that Φp and 

Φps are the impact parameters for unstiffened and stiffened plates given as Eqs. (6.3) and 

(6.4), respectively. For no elastic vibration case, any rigid-plastic analysis can be applied to 

obtain permanent deflections. The evolution of permanent deflections of calculated 

unstiffened plate models is depicted in Fig. 6.9. 
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where te (= t + total volume of stiffeners / (a × b)) is the equivalent thickness of stiffened 
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Fig. 6.10 Deflection time histories of 2.5 m × 5.4 m stiffened plate having thickness of 8 mm, 

loaded 20 kN‧s for various positions 

As seen in Figs. 6.9 and 6.10, the maximum residual deflection of the plate was 

significantly increased with the number of impulses. It is also apparent from Fig. 6.10 that 

the differences in maximum permanent deflection of the plates and stiffeners are becoming 

larger when the number of impulses increased. This indicates that when the number of 

impulses is relatively small a plateau is formed in the middle of the stiffened plates, but a 

localised concave is yielded at the mid-point with a larger impulse. 

6.4 Closed-form design equation for prediction of 

evolution of permanent set 

For the more deliberate design of marine structures, it is necessary to be able to estimate 

the deflection evolution against repeated impulsive pressure loadings induced by blast or 

explosion. In the available literature, there are many studies focusing on estimation of a 

permanent set of plates due to single blast, while during the service life of navy structures, 

the single impulse may not be a likely representation of realistic impulsive loads acting on 
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structures. However, no existing formulation is applicable to predict the deflection evolution 

of structures caused by repeated impulsive pressure loadings. 

It is decided to derive a design formulation for predicting the evolution of damage to plates 

from repeated impulsive pressure loadings. Prior to deriving the design formulation, the 

tendencies of non-dimensional design parameters were investigated based on the results of 

rigorous parametric studies performed, as shown in Figs. 6.9 and 6.11 for typical data. The 

non-dimensional parameters chosen are the Φp, and Φps, as defined in previous section and 

impulse numbers, N. As seen in the figures, the extents of damage are monotonically 

increased according to Φp (for unstiffened plate), or Φps (for stiffened plate) except for the 

number of impulses. However, when the impulse numbers increased, the increment of 

damage extents decreased and tended to have a certain value. 

By performing nonlinear regression analysis, the following equations are derived, which 

predict the extents of damage to plates from repeated impulsive pressure loading. Note that 

only plastic deformation domain (no fracture or tearing modes) is considered in deriving the 

following equations. 

For unstiffened plate: 
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with a mean of 1.009 and COV of 5.87%. 

For stiffened plate: 
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with a mean of 1.001 and COV of 15.12%. 
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(a) Unstiffened plate 

 

(b) Stiffened plate 

Fig. 6.11 Tendencies of damage extent of plates against non-dimensional impulse parameters 

Note that for all equations, the bias is calculated as the ratio of the predicted using the 

above equations to the numerical analysis results. After deriving design formulations, it is 

necessary to check the skewness of the predictions against numerical results using the cross-

validation charts, as shown in Fig. 6.12. The accuracy and reliability of the predictions using 

the proposed design formulation are acceptable. It should be noted that for all equations there 

is a slight discrepancy when Φp (for unstiffened plate), and Φps (for stiffened plate) are less 

than 1 and 5, respectively, throughout impact times. 
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(a) Unstiffened plate 

 

(b) Stiffened plate 

Fig. 6.12 Comparison of the predicted deflection evolution of the plates using the proposed 

formulas with the numerically observed data 
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6.5 Final remarks 

The FE model developed can be used to simulate the damage of unstiffened and stiffened 

plates subjected to single and repeated impulsive loadings with reasonable agreement 

comparing with test results.  

The plate experiences the accumulation of deformation during repeated impulsive 

loadings. The permanent deflection of the model was significantly increased with increased 

in impulses. According to numerical and experimental investigation results, the effect of the 

repetition of the impulsive pressure cannot be neglected in the structural design against 

impulsive loading. 

Through extensive numerical simulations, simple yet accurate design formulae to predict 

the permanent set of plates due to repeated impulsive pressure loadings were derived as a 

function of a non-dimensional impulse parameter and the number of impulses. The derived 

simple formulae are in good agreement with the numerical analysis results. 

However, in order to improve the proposed formulae, further experimental and theoretical 

investigations are necessary especially for the effects of the arrangement, scantling and shape 

of stiffeners on the dynamic response of stiffened plates under impulsive loadings. 
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Chapter 7 

Response of steel and aluminium-

alloy plates under repeated slam 

pressure loadings 

7.1 Introduction 

As mentioned in Chapter 5, during the last two decades, high-strength aluminium alloys 

have been widely and applied increasingly to marine structures including high-speed crafts 

and offshore structures owing to their low weight and non-corrosive properties. In addition, 

the energy absorption capacity per-unit-density of aluminium is high as compared to 

conventional steel. To gain a better understanding of the impact problem and develop reliable 

design tools, it is important to thoroughly understand the material and structural dynamic 

behaviour of structures under extreme loadings that were built using aluminium alloys. 

During service life, marine structures tend to be subjected to repeated impulsive pressure 

loads due to slamming, sloshing, and green water. From these, only the repeated impulsive 

pressure loading due to slamming will be considered in this study. Even in a single storm, 

ships or offshore structures can be impacted owing to the repeated occurrence of slamming, 

which leaves permanent sets at the impacted region and the repetition of these slam impact 

loads over time may then lead to serious damage to the structures.  

According to Ref. [164] that there were 13 of the USA’s Arleigh Burke Class destroyers 

have suffered “significant” structural damage in rough seas from ‘bow slams’ on the hulls, 

USS Curtis Wilbur DDG 54, for example, see Fig. 7.1. The repairs and design changes could 

cost almost $63 million. Support beams and other structures inside the destroyers will 
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reportedly need to be cut out and replaced, even in new ships [164]. 

 

Fig. 7.1 USS Curtis Wilbur DDG 54 

To date, no design guidance regarding the allowable permanent set due to slamming has 

been published. However, it is necessary to be able to estimate the permanent set for a more 

deliberate design of marine structures, for withstanding slamming. 

Nowadays, marine vessel designs strongly rely on semi-empirical design methods 

provided by classification societies [165-167]. The slamming impulsive pressure is assumed 

to be quasi-static neglecting its dynamic nature. The basis of this assumption is the long 

duration of the impulse as compared to the fundamental period of vibration of the impacted 

structure [168]. At this point, it may be asked whether the dynamic nature of impulsive 

pressures can be neglected, thus allowing it to be considered as quasi-static. As stated by 

Ref. [169], for practical design purposes, the problem of impact pressure actions in terms of 

structural behaviour can conveniently be idealised within three domains: (i) impulsive 

domain when td/Tn < 0.3, (ii) dynamic domain when 0.3 < td/Tn < 3, and (iii) quasi-static 

domain when td/Tn > 3, where td is the duration of the impact loading, and Tn is the 

fundamental period of vibration corresponding to the lowest natural frequency of the 

structure. 

Several researchers reported structural damages due to slamming [170-173]. Recently, 

many floating offshore wind turbines (FOWTs) have been installed in deep waters. Severe 

impulsive loadings due to slamming could act on FOWTs, consequently, their appearances 

and structural strengths might deteriorate because of repeated slamming loadings. 
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The structural responses under a single pressure impact have been extensively 

investigated by many researchers. Based on the Wagner’s theory, Weinig [174] have 

investigated the effects of the elasticity of the impacted structure on the impulsive pressure 

due to slamming. Many researchers have investigated the elasticity effects. Recently, Luo et 

al. [175] numerically investigated the hydro-elastic responses of flat stiffened panels under 

slamming loads using a commercial computer code, MS.Dytran. Greenspon [168] compared 

the structural responses obtained from the sea tests of the United States Coast Guard Cutter 

Unimak using his analytical elastic predictions. Pegg et al. [176] performed Finite Element 

(FE) analysis using the measured pressure history and compared the predicted strains with 

the measured values obtained from the bow-flare slamming pressure recording from the sea 

trial of the research vessel CFAV QUEST. 

As mentioned earlier, the repetition is a distinctive characteristic of marine impulsive 

pressure loadings. When vessels are larger and faster, actual slamming-induced repeated 

impulsive pressure loads caused greater local damage in the vessels structural members. 

Although the slamming problems considering single load have been extensively studied, 

only a few studies have investigated the effects of load repetition on the extent of damage 

on impacted structures [13-15, 177]. Among these few studies, several researchers focused 

on steel structures. Yuhara [13] performed repeated wet drop tests on two clamped ship bow 

models made of 9-mm mild steel and found that the equivalent static pressure can be 

represented by the corresponding repeated impact pressure. Caridis and Stefanou [14] 

numerically studied the effects of several load impacts on an unstiffened plate. The 

amplitude of the applied impulsive pressure was 1.5 times that of the static collapse value of 

the plate. The permanent set was increased by approximately 40% after the fourth impact. 

Recently, Shin et al. [177] conducted several repeated drop tests on unstiffened plates with 

various thicknesses for different drop heights. They concluded that the increment in the 

permanent set cannot be neglected, and a dynamic approach is required to be employed in 

order to account for this phenomenon. Furthermore, in the case of structures fabricated from 

marine aluminium-alloys, Mori [14] investigated the response of the bottom plate to 

slamming by performing repeated wet drop tests on full- and small-scale models of the 

bottom plates of high-speed crafts. They also provided the theoretical results obtained using 

the finite strip method, which agreed well with the test results. 

With respect to the other types of loadings applied to marine aluminium-alloy panels, 

there are several published studies on the ultimate strength of aluminium-alloy structures. 

The available literature includes studies on the structural response of aluminium-alloy plates 

and stiffened panels subjected to monotonically increasing extreme in-plane loads [178, 179] 

as well as methods on predicting the progressive collapse of aluminium hull girders [180]. 
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Thus far, little effort has been focused on the plastic damage to marine steel and aluminium-

alloy structures subjected to repeated impulsive pressure loadings induced by slamming in 

real cases. 

In this chapter, the response of marine steel and aluminium-alloy plates to repeated 

impulsive pressure loadings induced by slamming was numerically studied. The repeated 

wet drop tests on stiffened marine steel and aluminium-alloy plates in the available literature 

were used to validate the present numerical simulations using the ABAQUS commercial 

software package. Based on a rigorous parametric study, the simple, yet accurate formulae 

for the prediction of a permanent set of plates due to repeated impulsive pressure loadings 

are derived using nonlinear regression analysis. The effect of the typical heat-affected zone 

(HAZ), in case of aluminium-alloy plate, is also numerically investigated. The results 

showed that permanent sets of plates are significantly increased for the first few impulsive 

pressure loadings, while later, the total permanent set tended to have certain values regardless 

of the impulse and aspect and slenderness ratios. Therefore, this indicates that the effect of 

the repetition of the impulsive pressures cannot be neglected in marine structural design 

against slamming. 

7.2 Dynamic repeated slamming tests on marine steel and 

aluminium-alloy plates 

7.2.1 Review of experiments 

7.2.1.1 Tests on aluminium-alloy plates 

The repeated wet drop tests conducted by Mori [14] on two stiffened aluminium-alloy 

plates, representing the bottom of a high-speed craft, were used for substantiation of current 

numerical analysis of aluminium models. Two models were manufactured using 6-mm thick 

5083-O aluminium alloy. The dimensions of the two stiffened aluminium-alloy plates, along 

with the points at which the water pressure, strain, and deflection were measured, are shown 

in Fig. 7.2. It should be noted that in order to study the effect of flexibility of the stiffeners 

on the elastic responses, the cross sections of the stiffeners the two models were designed 

with different sizes. Model No. 1 represented the bottom of an actual high-speed craft, while 

the stiffener rigidity of model No. 2 was half of model No. 1. The mechanical properties of 

the aluminium-alloy material of the models are summarised in Table 1. The drop test was 

repeated nineteen times for model No. 1, while changing the drop height from 0.3 m to 1.6 

m, and it was repeated seven times for model No. 2, while changing the drop height from 
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0.3 m to 1.0 m, as presented in Table 2. To measure the water pressure and strain of the 

models, two pressure gauges (P1 and P2) and three strain gauges (S1, S2, and S3) were 

attached to the models, as shown in Fig. 7.2. 

Table 7.1 Mechanical properties of test model material 

Material Unit Al 5083-O 

Yield strength, σY 

MPa 

134.4 

Young’s modulus, E 68700 

Hardening modulus, Eh 2750 

Poisson’s ratio, ν - 0.3 

Density, ρ [kg/m3] 2700 

Based on the pressure histories obtained from the tests on aluminium-alloy plates, the 

characteristics of the impulses in terms of peak pressure and impulse duration were 

determined, as summarised in Table 7.2. It should be noted that the strain gauge S3 located 

at the mid-length of the flange was not considered for model No. 2. 

Table 7.2 Test conditions and comparisons of numerical predictions and test results for the permanent set 

Model 

Drop 

height 

[m] 

Number of 

repetitions 
Impact 

*Pressure 

[MPa] 

Impact 

duration 

[ms] 

Permanent set/plate thickness,  

wp/t  [-] 
Xm 

Exp. Num. Num./Exp. 

D1 D2 D1 D2 D1 D2 

No. 1 

0.3 1 1 0.121 

10.269  

0.178 0.418 0.210 0.405 1.18 0.97 

0.4 2 
2 0.136 0.213 0.452 0.228 0.429 1.07 0.95 

3 0.216 0.213 0.452 0.245 0.452 1.15 1.00 

0.6 2 
4 0.240 0.321 0.679 0.341 0.608 1.06 0.89 

5 0.279 0.333 0.725 0.353 0.623 1.06 0.86 

0.8 3 

6 0.302 0.511 0.938 0.519 0.946 1.01 1.01 

7 0.302 0.523 0.962 0.529 0.958 1.01 1.00 

8 0.322 0.593 0.999 0.542 0.976 0.91 0.98 

0.9 2 
9 0.341 0.619 1.034 0.639 1.159 1.03 1.12 

10 0.322 0.629 1.106 0.651 1.174 1.03 1.06 

1.0 2 
11 0.341 0.641 1.178 0.668 1.205 1.04 1.02 

12 0.358 0.689 1.199 0.732 1.304 1.06 1.09 

1.1 2 
13 0.320 0.725 1.319 0.756 1.342 1.04 1.02 

14 0.358 0.760 1.449 0.757 1.343 1.00 0.93 

1.3 2 
15 0.333 0.809 1.496 0.757 1.344 0.94 0.90 

16 0.367 0.891 1.663 0.803 1.415 0.90 0.85 

1.5 2 
17 0.381 1.033 2.078 0.917 1.570 0.89 0.76 

18 0.396 1.342 2.468 0.962 1.642 0.72 0.67 

1.6 1 19 0.386 1.403 2.789 0.965 1.646 0.69 0.59 

No. 2 

0.3 2 
1 0.135 

11.786  

0.252 0.464 0.343 0.529 1.36 1.14 

2 0.139 0.294 0.489 0.343 0.530 1.17 1.08 

0.4 2 
3 0.148 0.329 0.608 0.352 0.541 1.07 0.89 

4 0.167 0.359 0.608 0.383 0.581 1.07 0.96 

0.6 1 5 0.244 0.543 0.916 0.617 0.919 1.14 1.00 

1.0 2 
6 0.260 1.114 1.840 1.090 1.549 0.98 0.84 

7 0.330 1.186 2.430 1.172 1.657 0.99 0.68 

Note: * average of pressures obtained at P1 and P2 
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The permanent set of the models was recorded during each drop at D1 and D2, at the 

center of the stiffener flange and plate, respectively. The water pressures were recorded at 

P1 and P2. The measured pressures generally increased as the drop height increased. 

However, the difference in pressures between P1 and P2 decreased when the drop height 

increased. In addition, the measured pressures decreased slightly at high drop heights, owing 

to the increase in the number of air layers [14]. The durations of the pressure loads recorded 

for the various drop heights were almost identical, therefore, in the numerical validation 

model, the pressure duration will be maintained a constant value for all impulses. Detailed 

information regarding the experiment can be found in Ref. [14]. The test results are 

summarised in Table 7.2, along with the current numerical analysis results. 

 

Fig. 7.2 Geometry of the stiffened aluminium plates (unit: mm) [14] 
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7.2.1.2 Tests on steel wedge models 

The repeated wet drop tests conducted by Shin et al. [177] on 10º dead-rise angle steel 

models with 2000 mm in length by changing the drop height from 1000 mm and 2000 mm, 

representing the plate of a marine plating, were used for substantiation of current numerical 

analysis models. The models were manufactured using 3, 5 and 8 mm-thick mild steel sheet 

(SS41 grade). The dimensions of the models, along with the points at which the water 

pressure, strain, and deflection were measured, are shown in Fig. 7.3. The mechanical 

properties of the test model material are summarised in Table 7.3.  

The wet free drop test set up is shown in Fig. 7.4. A guide rail system with four vertical 

masts is used to keep the bottom plate of the wedge parallel to the plane of water just before 

entry into the water after the wedge is dropped. The drop test was repeated two times for 3-

mm thick model, at drop height 1.0 m, and repeated five times for 8-mm thick model, at drop 

height 1.0 m, as presented in Table 7.4. The 8 pressure gauges (P1-P8), and 8 strain gauges 

(S1-S8), as shown in Fig. 7.3c, were used to measure the water pressure and strain of the 

models.  

   

(a) Details of cross-section view   (b) 3D model 

 

(c) Measuring locations 

Fig. 7.3 Geometry of dead-rise angle 10º wedge model and measuring location (unit: mm) [177] 
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Table 7.3 Mechanical properties of test model material [177] 

Thickness Young’s 

modulus, E 

[MPa] 

Density, ρ 

[kg/m3] 
Poisson, ν 

Yield 

strength, σY 

[MPa] 

Ultimate 

strength, σT 

[MPa] 

Ultimate 

strain, εT  

[-] 
Nominal 

[mm] 

Actual 

[mm] 

3.00 2.86 

206000 7850 0.3 

299.5 448.7 0.1894 

5.00 4.84 312.4 455.0 0.1959 

8.00 7.84 280.8 433.2 0.2151 

 

From the pressure histories obtained from the tests [177], the characteristics of the 

impulses in terms of peak pressure and impulse duration, were determined, as listed in Table 

7.4. The permanent set of the models was recorded during each drop at the centre of the 

model, where were marked in red point in Fig. 7.3c. The measured pressures generally 

increased as the drop height as well as the thickness of plate increased. The pressures P1-P5 

are almost the same in terms of time and peak value, while the difference in pressures 

between P5 and P8 was observed because of the difference of impact location with respect 

to time. The duration of the pressure loads recorded for the various drop heights was 

decreased as the thickness of plates increased. The detailed information regarding the 

experiment can be found in Ref. [177]. The typical test results of the 3 and 8-mm thick 

models, which were employed to validate the numerical analysis models, are summarised in 

Table 7.4, along with the current numerical analysis results. 

 

 

Fig. 7.4 Wet drop test setup installed in the Ocean Engineering Wide Tank, University of Ulsan 
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Table 7.4 Test conditions and comparisons of numerical predictions and test results for the permanent 

set of the steel wedge model 

Model 

Drop 

height 

[m] 

Number of 

repetitions 
Impact 

Pressure 

[MPa] 

Peak 

duration, tr 

[s] 

Impact 

duration, 

td 

[s] 

Permanent set, wp 

[mm] 
Xm 

Exp. Num. Num./Exp. 

3 

mm-

thick 

1.0 2 

1 0.176 0.000190 0.001300 1.150 1.168 1.016 

2 0.121 0.001018 0.002420 7.043 5.715 0.811 

8 

mm-

thick 

1.0 5 

1 0.258 0.000150 0.001000 0.317 0.256 0.808 

2 0.268 0.000150 0.002530 0.104 0.377 3.629 

3 0.264 0.000160 0.002000 0.826 0.883 1.069 

4 0.280 0.000180 0.001540 0.831 0.975 1.173 

5 0.338 0.000170 0.001602 1.269 1.464 1.130 
 

7.2.2 Nonlinear finite element modelling 

The evolution of the permanent sets of stiffened aluminium-alloy plates and steel wedge 

model obtained from the repeated wet drop tests conducted by Mori [14] and Shin et al. 

[177], respectively, were employed to substantiate the present nonlinear finite element (FE) 

analysis. Here, the numerical computations were performed using the ABAQUS/Explicit 

commercial software package [98]. Owing to its symmetry condition, a quarter FE model 

consisting of the plate model and support plates for the aluminium-alloy model, as shown in 

Fig. 7.5a, was considered to reduce the required computation time. For steel model, however, 

the full FE model was performed, as illustrated in Fig. 7.5b. 

7.2.2.1 Mesh size and contact definitions 

The aluminium-alloy and steel models and their support plates (see Fig. 7.5) were meshed 

with the four-node shell element (S4R) from the ABAQUS element library. Five integration 

points were used through the thickness and the default hourglass controls were used for this 

element. In order to evaluate the computational efficiency and accuracy, convergence tests 

were performed for various mesh sizes. Based on the convergence test results the determined 

mesh sizes of the aluminium-alloy model and support plates were 5 mm × 5 mm and 10 mm 

× 10 mm, respectively, while for the steel model and supporting frame the mesh sizes were 

approximately five times and seven times of plate thickness, respectively, as shown in Fig. 

7.5. 
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(a) Quarter aluminium-alloy model 

 

 

(b) Steel wedge model 

Fig. 7.5 FE model of test models 

The “surface-to-surface contact” option from the ABAQUS contact library was selected 

for representing the contact between the model and support plates. The penalty and “hard” 

contact methods were used to define the tangential and normal interaction behaviour of any 

possible self-contact among the model parts during impacts. After performing a set of 

preliminary analyses, the friction coefficient between the plate model and support plates was 

set as 0.2, which is also consistent with the value proposed by Villavicencio and Guedes 

Soares [99]. 

7.2.2.2 Material definitions 

To properly represent the material of the test models, the mechanical properties of the 
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material that were provided by Mori [14] were used in the current numerical models. In the 

analysis, for the aluminium alloys a simple linear hardening expression for a true stress–

strain relation, proposed by Park and Cho [82], was employed using Eq. (5.1), as mentioned 

in Chapter 5, while for the steel model, the nonlinear hardening model, using Eqs. (3.1) – 

(3.9) in Chapter 3, with an isotropic hardening model. It should be noted that the kinematic 

hardening and combined isotropic-kinematic hardening models might be more realistic to 

describe the constitutive relationship of the material considering the effect of the elastic 

spring-back on hardening behaviour (including Bauschinger effect) for cyclic loading or load 

reversals. However, it is difficult to use this model based on the data of material properties 

provided by Mori [14] and Shin et al. [177], which are summarised in Tables 7.1 and 7.3, 

respectively only. In addition, only monotonic tensile test results were reported and cyclic 

tensile tests on the current materials were not found in the available literature. Therefore, the 

isotropic hardening model was applied based on monotonic tensile test results provided in 

Ref. [14, 177]. The adequacy of applying this isotropic hardening model for repeated impact 

simulations was confirmed by other studies [19, 89, 92]. The true stress and plastic strain 

curves applied in the numerical models are shown in Fig. 7.6. 

It is known that owing to the insensitivity of aluminium-alloys to the strain rate in the case 

of dynamic loading from high-velocity impacts [78], the strain rate was not considered in 

the numerical modelling of the rate-dependent material behaviour of Al 5083-O in this study. 

A recently conducted experimental study [181] and Chapter 5 also confirmed this. For steel 

model, to consider the strain-rate hardening effects on the constitutive relationships the 

Cowper and Symonds equation, namely, Eq. (3.10), mentioned in Chapter 3, was used. 

Because the actual experimental program did not include dynamic tension tests to determine 

the material constants in Eq. (3.10), their magnitudes are obtained from the literature. As 

mentioned in Chapter 3, Eq. (3.11) is also employed to estimate the material constant D and 

the material constant q was assumed to be 5. 

 

(a) Al 5083–O base material and HAZ 
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(b) SS41 grade steel 

Fig. 7.6 True stress-plastic strain curves applied for current FE models 

7.2.2.3 Boundary conditions 

The four edges of the support plate were restrained simulating the experimental boundary 

conditions. To simplify the bolt connections, a tie constraint was applied to model the bolt 

connections between the plate model and the support parts. However, for the aluminium-

alloy plates, the ends of the stiffeners were free in all the degrees of freedom with the 

exception of the translation in the x-direction. The boundary conditions applied in the quarter 

numerical models of the aluminium-alloy plate and full model of the steel model are shown 

in Fig. 7.5. 

7.2.2.4 Heat affected zone  

Owing to the fusion welding fabrication of the test aluminium models, the HAZ should 

be considered in the numerical simulations. Fusion welding on aluminium plates resulted in 
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the HAZ on the mechanical properties of the welded areas of aluminium alloys were assumed 
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5083–O. The knockdown factor was applied to both the yield strength and the entire true 

stress–plastic-strain curve of Al 5083–O, based on the assumption that the strain hardening 

characteristics of Al 5083–O are maintained in the HAZ. The true stress–plastic-strain curves 

for the plate with and without HAZ are shown in Fig. 3. Irrespective of the plate dimensions, 

the width of the HAZ was considered to be 25 mm for this study, based on results from the 

experiments conducted by Paik and Duran [178] and Zha and Moan [183] and numerical 

investigations by several other researchers [177-180]. The locations for the HAZ are shown 

in red in Fig. 7.5. Furthermore, as residual stresses were generated by the welding, these 

stresses were necessarily introduced in the numerical plate model. It was assumed that, 

across the HAZ width of 25 mm, a tensile residual stress is equal to the yield strength of the 

HAZ material [182, 186, 188], and the corresponding compressive residual stress was then 

determined by assuming the equilibrium of the internal forces [184]. 

7.2.2.5 Simplification of pressure history and scenario of repeated loadings 

In order to investigate the accuracy of idealization of slamming pressure, a set of 

preliminary simulations for two groups of 15 mm thick clamped plate with aspect ratios of 

3 and 4 subjected to three types of impulse shapes, namely exponential, one-third triangular 

“p/3” and two-third triangular “2p/3”. Note that the exponential type (p=2.27exp(-time/20)) 

reported by Caridis and Stefanou [15] was employed herein and two corresponding types 

were accordingly generated, as depicted in Fig. 7.7. 

 

Fig. 7.7 Variation of idealised load profile applied for preliminary calculations 
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(a) Aspect ratio of 3 

 

(b) Aspect ratio of 4 

Fig. 7.8 Variation of normalised permanent set evolution of steel plates for various impulse shapes 

Fig. 7.8 shows the variation of normalised permanent set evolution of steel plates with 

different impulse type. As be seen from figure, the permanent set of plate caused by two-

third triangular was the same as that caused by actual slamming pressure, i.e. the exponential 

slamming type. Therefore, the two-third triangular shape will be applied in idealizing the 

actual slamming pressure later.  

The complex slamming pressure histories recorded by Mori [14] (see Fig. 7.9a) were 
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slamming data (Fig. 7.9c) reported by Shin et al. [177], the simplification of slamming 

pressure shape was as triangular pulse, as illustrated in Fig. 7.9d. It should be noted that as 

the actual duration of the peak of the impulse induced by slamming was greater than the 

fundamental period of the impacted plate [14], it is concluded that the effects of the tail part 

on the extent of damage would be negligible.  

Here, repeated impulsive pressure loadings are simulated by performing the calculations 

repeatedly. After each triangular pressure pulse, artificial material damping is introduced in 

the model using the Rayleigh damping model to overcome elastic vibrations caused by the 

impulsive pressure, and to quickly approach a static equilibrium state. The Rayleigh 

damping consists of the mass proportional part associated with low-frequency oscillations 

and stiffness proportional part associated with high-frequency oscillations. The former was 

used by including a damping matrix in the dynamic analysis, which is obtained by 

multiplying the mass matrix of the system with a coefficient αR. It was observed that the 

damping model reduced permanent set. To obtain an adequate value of αR, preliminary 

analyses were conducted varying the damping coefficients. It showed that when the 

coefficient αR was set as the lowest natural frequency of the model, the permanent set 

reduced by 5.24% and 3.96% for models No. 1 and No. 2, respectively. Considering the 

computational efficiency, the lowest natural frequency of the model was employed as the 

value of coefficient αR. The next impulse is then applied to the plate to simulate the 

subsequent impacts. It should be noted that the impulses were assumed to be uniformly 

distributed over the entire surface of the stiffened plate. In each of the restarted analyses, the 

deformed shape, residual stresses, and strain, in the current model, due to the previous 

impulse, are preserved using multiple steps of ABAQUS/Explicit [98]. 

 

(a) Recorded data [14] 
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(b) Recorded data [177] 

 

(c) Idealised load profile for aluminium-alloy model 

 

(d) Idealised load profile for steel wedge model 

Fig. 7.9 Idealised load profile applied for validation of numerical simulation 
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(a) Model No. 1 

 

(b) Model No. 2 

Fig. 7.10 Permanent deflection of tested aluminium-alloy models versus number of impacts 
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evolution of the permanent set obtained numerically and the test results is plotted in Fig. 

7.10. In the figure, ‘D1_Exp’ and ‘D2_Exp.’ denoted the experimental permanent set 

measured at D1 and D2, respectively, while ‘D1_Num._Mid-flange point’ and 

‘D2_Num._Center point’ denoted the numerically predicted permanent set at D1 and D2, 

respectively. From Table 7.2 and Fig. 7.10, it is evident that the numerical predictions 

correlate well with the experimental results. Except for the first impact at D1, and the last 

three impacts at D2 of model No. 1, and the first impact at D1 and last two impacts at D2 of 

model No. 2, the percentage difference between the experimental and numerical results is 

less than 10%. The permanent set of the plates obtained both numerically and experimentally 

increased with the number of impacts, and the increment in the permanent set was reduced 

for the same applied pressure. However, there are significant discrepancies in the predicted 

and experimentally obtained values for the last three impacts of model No. 1 at both D1 and 

D2, and for the last two impacts of model No. 2 at D2. The deflections at those points were 

abruptly increased. It is premature to mention regarding the sources of the errors unless more 

experimental information is provided including the thinning of the model plates and 

occurrence of fracture at boundaries.  

For the steel wedge model, the permanent set at the centre of the model head was used as 

the basis for assessing the accuracy of the numerical predictions. The results and the details 

of the loading in each test are listed in Table 7.4. It is evident that the numerical predictions 

correlate reasonably with the experimental results, except for the third impact of the 8 mm-

thick model in terms of the permanent set. 

In general, however, considering the large uncertainties in slamming tests as compared to 

those of static tests, it can be concluded that the numerical analysis method employed in this 

study is reasonably accurate and reliable. The parametric studies for aluminium-alloy and 

steel plates are presented in the next section of this study. 

7.3 Parametric study 

7.3.1 Introduction 

The validated model was employed to perform a rigorous parametric study to examine the 

effect of the change in impulse in terms of peak pressure and load duration, the profile of the 

triangular pulse and aspect ratio. The purpose of this work is to empirically derive simple 

design formulae for estimating the permanent set of plates under slamming, which will be 

described in detail later. For aluminium-alloy plate, the HAZ, with the assumption described 

in the previous section, is applied to the four edges, and mid plate width, of the fully clamped 
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plate, the so-called edge HAZ pattern and centre HAZ pattern, respectively, as illustrated in 

Fig. 7.11. The former is the conventional method that is to use large sheets of rolled 5xxx 

series of the flat plate, with stiffeners fillet welded at appropriate intervals, the latter 

represents the extrusion method, where the plate-stiffener combination is extruded and 

panels are then butt welded together, usually at mid plate width [182]. 

Generally, clamped and simply supported boundary conditions were idealised for the 

unstiffened plate, implying only isolate plate in stiffened plate was evaluated. However, 

these boundary conditions may not be realistic due to presence of deformation of boundary, 

where the stiffeners or girders attached to the plate. To investigate the effect of boundary 

conditions applied to plates, the stiffened aluminium-alloy plates extended from the Mori’s 

model (see Fig. 7.2) and actual steel ship’s panel, with assumption of aspect ratio of 3 were 

analysed. Such database can be useful for the structural designer in deriving design 

formulations to predict the extents of damage to steel and aluminium-alloy plates from 

repeated impulsive pressure loadings. 

 

 

Fig. 7.11 HAZ location in fully clamped plates applied in the current numerical models 

7.3.2 Plate models and material properties 

7.3.2.1 Aluminium-alloy plate models 
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7 mm thick plate models with a breadth of 246 mm, were selected as an isolated plate to 

represent the real unstiffened plate bounded by stiffeners. It should be noted that the plate 

slenderness ratios, β, in Eq. (7.1), was varied in the range 1.55–3.63 in this study. 

Yb

t E


   (7.1) 

where b is the plate breadth, t is the plate thickness.  

The characteristics of the clamped plates are given in Table 7.5. It should be noted that 

only rectangular unstiffened plates were considered in this study. To realistically represent 

materials commonly used to fabricate the marine panels, the material of Al 5083-O which is 

the same with the Mori’s model [14] was considered in the parametric study. Note that the 

strain rate effect was not considered in the current simulations due to the insensitivity of 

strain rate of aluminium alloys as mentioned in the previous section. The dimensions and 

other parameters calculated below were summarised in Table 7.5. 

Table 7.5 Dimensions and other corresponding parameters calculated using Eqs. (7.2) – (7.5) and 

(7.7) for parametric study of aluminium-alloy plates 

Plate 

no. 

Aspect 

ratio, 

a/b 

Dimension, 

a × b × t 

[mm] 

Plate 

slenderness 

ratio, β 

Natural 

period in 

air, Tn,a 

[ms] 

Natural 

period in 

water, Tn 

[ms] 

Static 

collapse 

pressure, Pc 

[MPa] 

Pp /Pc td /Tn 

1 2 492 × 246 × 3 

3.63 

3.303 10.460 0.141 

1.5, 2.0, 

3.0, 4.0 

0.3, 0.6, 

0.9, 1.2, 

2.5, 3.0, 

4.0 

2 3 738 × 246 × 3 3.502 11.371 0.117 

3 4 984 × 246 × 3 3.565 11.682 0.107 

4 2 492 × 246 × 6 

1.81 

1.651 3.881 0.565 

5 3 738 × 246 × 6 1.751 4.209 0.469 

6 4 984 × 246 × 6 1.782 4.320 0.426 

7 2 492 × 246 × 7 

1.55 

1.415 3.127 0.769 

8 3 738 × 246 × 7 1.501 3.389 0.638 

9 4 984 × 246 × 7 1.528 3.477 0.580 

In the parametric study, the plate length, a, was varied to obtain different plate aspect 

ratios, while the plate breadth, b, was kept as constant. This implies the same slenderness 

ratio, b, is considered for all plate models. Here, three different aspect ratio, a/b, values of 2, 

3 and 4 were used to generate the new plate models. It should be noted that only rectangular 

plates were considered in this study. The fully clamped boundary conditions representing the 

typical case of loading on a stiffened panel were considered. It is obvious that due to the 

deformation of adjacent plates, the rotations of the plate will be fully restrained at the 

stiffeners.  
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7.3.2.2 Steel plate models 

Next, the unstiffened plate between longitudinal and transverse stiffeners of bow flare of 

a real LNG-carrier is used as a numerical analysis model. Rigorous parametric studies were 

carried out for unstiffened rectangular plates. A fixed plate breadth, b, of 800 mm was used 

for all plates having length, a, and plate thickness, t, as summarised in Table 7.6. Note that 

the range of thickness yields the plate slenderness ratio, β, in Eq. (7.1), from 1.35 to 2.70, as 

typical values in practice. 

The characteristics of the clamped plates are given in Table 7.6. It should be noted that 

only rectangular plates were considered in this study. The material is mild steel, in which the 

yield strength, σY, and Young’s modulus, E, are 235 MPa, and 206000 MPa, respectively, 

was considered in the parametric study. Furthermore, strain-rate effect, as mentioned 

previous sections, and only plastic deformation mode were considered in the current 

simulations. 

Table 7.6 Dimensions and other corresponding parameters calculated using Eqs. (7.2) – (7.5) and 

(7.7) for parametric study of steel plates 

Plate 

# 

Aspect 

ratio, 

a/b 

Dimension, 

a × b × t 

[mm] 

Plate 

slenderness 

ratio, β 

Natural 

period in 

air, Tn,a 

[ms] 

Natural 

period in 

water, Tn 

[ms] 

Static 

collapse 

pressure, Pc 

[MPa] 

Pp /Pc td /Tn 

1 2 1600 × 800 × 10 

2.70 

10.515 20.962 0.275 

2.0, 3.0, 

4.0, 5.0 

0.3, 0.6, 

0.9, 1.2, 

2.5, 3.0, 4.0 

2 3 2400 × 800 × 10 11.131 22.688 0.228 

3 4 3200 × 800 × 10 11.321 23.271 0.208 

4 5 4000 × 800 × 10 11.402 23.535 0.196 

5 6 4800 × 800 × 15 11.445 23.676 0.189 

6 2 1600 × 800 × 15 

1.80 

7.010 12.107 0.619 

7 3 2400 × 800 × 15 7.421 13.072 0.513 

8 4 3200 × 800 × 15 7.547 13.396 0.467 

9 5 4000 × 800 × 15 7.601 13.542 0.441 

10 6 4800 × 800 × 15 7.630 13.620 0.424 

11 2 1600 × 800 × 20 

1.35 

5.258 8.291 1.100 

12 3 2400 × 800 × 20 5.566 8.935 0.913 

13 4 3200 × 800 × 20 5.660 9.150 0.830 

14 5 4000 × 800 × 20 5.701 9.246 0.784 

15 6 4800 × 800 × 20 5.722 9.298 0.754 

 

7.3.3 Load characteristics 

As the mentioned validation simulations, the load was assumed to be uniformly 

distributed over the entire surface of the plate. It should be noted that the impacts are repeated 
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10 times with the same impulse in this parametric study. 

7.3.3.1 Impulsive pressure history shape 

It is well-known that the impulsive pressure history of slamming is represented by the 

short rising time and the tail part which has a long and low-pressure history. For practical 

impact response and residual deformation analyses of local slamming loads, it seems 

desirable to simplify the impulse shape. Figs. 7.12a and 7.12b show the idealised slamming 

pressure histories.  

For single impulsive pressure loading, the effect of rising time before reaching the peak 

pressure Pp and the type of decay on the response of the plate was found to be negligible [12, 

64], as well as slight effect of tail part of pressure histories on the response of the steel plates 

was found by Cho et al. [12, 61]. However, this statement has not yet been confirmed for 

repeated impulsive pressure loadings. Therefore, in this study, to examine the effect of the 

profile and tail part of the triangular pressure pulse on the response of the plates, three typical 

profiles of impulsive pressure pulses with the same peak value were used: (i) zero rising time 

with linear decaying time denoted as “0tri”, (ii) a quarter rising time “0.25tri” and (iii) equal 

rising and decaying time denoted as “0.5tri”. The considered time histories of the dynamic 

pressure loading, as shown in Fig. 7.12a, as well as 0tri including the tail part, as shown in 

Fig. 7.12b, were idealised as triangular pressure pulses based on the actual pressure induced 

by slamming. For the first group showing without tail part, the load idealizations are 

characterised by two parameters, namely, the peak pressure Pp and duration of the loading 

td, while two more parameters, namely tail pressure, Pt and tail duration, Tt were added to 

the second group including the tail part (see Fig. 7.12b). 

  

(a) w/o tail    (b) w/ tail 

Fig. 7.12 Idealised slamming load profile applied for the parametric study 

7.3.3.2 Pressure magnitude and impulse duration 

P 
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The peak pressure value often approaches two to three times the static collapse pressure 

loads, Pc of the plates [191]. In this study, the upper bound solutions [78] for the static 

collapse pressure of fully clamped plate, were used, as shown in Eq. (7.2). 

   
22
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P

b
b a b a


   
 

 (7.2) 

where mp is the fully plastic bending moment per unit width of plate and is given by Eq. 

(7.3). 

2

4

Y
p

t
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  (7.3) 

The selected values of Pp/Pc and Pt/Pp for the parametric study are given in Tables 7.5 and 

7.6. The values seem sufficiently large to result in a typical permanent set, wp/t of the order 

of 1–5, without any ductile fracture in the model. In other words, only the accumulation of 

plastic deformations of the plates was considered in this study. Note that the Pt/Pp values are 

selected corresponding to typical pressure histories induced by slamming. 

The duration of the pressure loading was considered to be in the dynamic domain and in 

transition between the dynamic and quasi-static domains. The normalised time parameter 

td/Tn,a and td/Tn, and Tt/td were set in the range 0.3–4 and 0-4.5, respectively, as given in 

Tables 7.5 and 7.6. It should be noted that Tn is the fundamental period of vibration of the 

plate and was determined using Eq. (7.4). 

1/nT f  (7.4) 

where f is the fundamental frequency of plate, which was calculated using Eq. (7.5), unit is 

Hz, as empirically derived herein. Note that the formula for predicting the natural frequency 

proposed by Sinha et al. [63], as Eq. (7.6), which was similarly reported in Ref. [189], may 

not be used because of the inconsistency of unit. 
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  (7.5) 

2 4

2.01 3.37 1.74 3.17
a a

b b


   
     

   
  

where E is Young’s modulus, ρ is the density of plate, ν is the Poisson’s ratio. 
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2 2

65.544 10 0.6045
t a b

f
a b b a

   
       

    
 (7.6) 

It is apparent that all above equations were proposed for predicting the natural frequency 

of clamped plate, in which both sides are in air. However, for marine structures the side plate 

is typically submerged one side, while other side is still in air. As stated in Ref. [61, 189], 

the surrounding water does decrease the natural frequency, i.e. increase the natural period of 

the plate. To obtain the frequency fwater of a plate with one side exposed to air and the other 

side exposed to a liquid, the frequency calculated in air, f may be modified by the following 

formula, Eq. 7.7 [189]. Fig. 7.13 shows the variation of natural period of 20 mm thick 

clamped steel plate with aspect ratios. It should be noted that the values of td/Tn given in 

Tables 7.5 and 7.6 were taken into account the submergence effect. 

p

water
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f f

K








  (7.7) 
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where ρl is the density of liquid, and was assumed to be 1025 kg/m3 for sea water. 

 

Fig. 7.13 Variation of natural period of 20 mm thick clamped steel plate with aspect ratios 

7.4 Parametric study results and discussion 

The typical deformed shapes of a loaded plate shown in Fig. 7.14 reveal the characteristic 

features of the response of the plates under repeated dynamic pressure loadings. Fig. 7.14 

shows that the deformation occurs at the mid region of the plate owing to the first impact 
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and then propagates to the boundary during the subsequent impulses; furthermore, the 

maximum equivalent plastic strain at integral points in thickness direction was generated at 

the boundaries of the plate and increased with the number of impacts. It is apparent from the 

figure that the permanent set of the plate increased with the number of impacts, and it tends 

to approach a stable state. It is observed that at the beginning, the deflection is significant, 

while later, it converges to a certain value, as depicted in Fig. 7.14. In other word, the 

increment in the permanent set gradually decreases when the plate is repeatedly impacted 

regardless of the plate aspect and slenderness ratios, HAZ effect (for aluminium-alloy plate), 

impulse, and profile of the triangular pressure pulse. The evolution of the permanent set with 

the number of pressure impacts and deflection time histories were plotted to present the 

responses of all the plates considered in this study in the case of 10 impacts. It should be 

noted that only the submergence effect was included in steel plate response calculations, 

whereas calculated response of the aluminium-alloy plate without submergence effect was 

presented. 

 

(a) After the first impact 

  

(b) After the 10th impact 

Fig. 7.14 Typical permanently deformed shape of the for aluminium-alloy plate having a/b of 3 

under repeated impulsive loadings with td=0.6Tn,a and Pp=3.0Pc. (The contour levels represent 

permanent deflection) 

7.4.1 Effect of aspect ratio 
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The clamped steel and aluminium-alloy plate were employed to investigate the effect of 

the aspect ratio on the permanent set evolution of the plate in the case of 10 repeated 

impulsive pressure loadings with the 0tri impulsive profile. The evolution of the permanent 

set for various plate aspect ratios against the number of impacts is shown in Fig. 7.15. It can 

be seen from the figure that the tendencies of the permanent set of plates throughout the 10 

impacts were nearly the same, regardless of the plate aspect ratios. In other words, the 

increment in the permanent set was mostly the same for the various plate aspect ratios 

regardless of the peak pressure and load duration. In addition, the permanent set of the plate 

is considerably increased when the plate aspect ratio decreased, regardless of the number of 

impacts and impulses, as illustrated in Fig. 7.15. 

 

 

 

(a) Variation of peak pressure 
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(b) Variation of duration 

Fig. 7.15 Variation in normalised permanent set evolution of the plate for various cases (for 

example, “0.3Tn1.5Pc_4as” means that td = 0.3Tn, Pp = 1.5Pc, and aspect ratio a/b = 4) 

7.4.2 Effect of plate slenderness ratio 

The evolution of permanent set of plates, for example, having an aspect ratio of 2 for 

different plate slenderness ratios against the number of impacts is shown in Fig. 7.16. It can 

be seen from the figure that the permanent set of plates throughout 10 impacts were increased 

when the plate slenderness ratio increased regardless of the plate aspect ratios, and impulses. 

However, it is interesting that the increment of permanent set was significantly decreased 

when the plate slenderness ratios increased, regardless of the peak pressure and load duration. 

In addition, the permanent set evolution of plate is remarkably increased when the plate 

slenderness ratios increased with the number of impacts, as illustrated in Fig. 7.16. 
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Fig. 7.16 Variation in normalised permanent set of plate for different plate slenderness ratio cases 

7.4.3 Effect of tail part 

The effects of the tail part of impulsive pressure loadings on the permanent set of the 

unstiffened plates were also numerically investigated. Fig. 7.17 shows the variation in 

normalised permanent set of steel and aluminium-alloy plate having a/b of 3, for two 

different duration cases. In particular, the peak part durations, td, were 0.6Tn,a and 2.5Tn,a, 

and 0.6Tn and 2.5Tn and the peak pressure were 2.0Pc and 3.0Pc for aluminium-alloy and 

steel plates, respectively, while assuming the pressure amplitudes of tail part, Pt, as 0.1Pp, 

0.2Pp, and 0.3Pp. 

When the peak duration, in particular for aluminium-alloy plate, td=0.6Tn,a, the effect of 

the tail part on the permanent set can be 6.7% and 0.9% at the first and tenth impacts, 
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respectively. However, when the peak duration, td=2.5Tn,a, change in permanent set was 

found to be very margin, not only for the first impact, but also for the subsequent impacts, 

regardless of the tail part duration. Note that a similar observation was also archived for the 

steel plates, as shown in Fig. 7.17. Therefore, the effects of the tail part on the permanent set 

can be negligible as it is known that the actual duration of the peak part of an impulse due to 

slamming can be greater than the natural period of the impacted plate [14]. 

 

 

Fig. 7.17 Variation in normalised permanent set of plates for various tail profile cases (for example, 

“1.5td0.1Pp” means that Tt=1.5td and Pt=0.1Pp) 

7.4.4 Effect of pulse profile 

To investigate the effect of the triangular pulse profile on the permanent set evolution of 
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aspect ratio of 3 was employed without considering the HAZ. The normalised evolution of 

the permanent set for two profiles of the triangular pulse against the number of impacts is 

shown in Fig. 7.18a. As seen from the figure, when td = 0.3Tn,a, the permanent sets are almost 

the same, i.e. the permanent set of plates increases with the number of impacts, regardless 

of the type of triangular pulse and peak pressure. However, there are some exceptions when 

Pp = 4.0Pc and the repetition number is greater than 5.  

When Pp = 2.0Pc, the effects of the triangular pulse profile on the permanent set evolution 

of the plate were investigated changing the peak pressure values. The normalised evolution 

of the permanent set for three profiles of the triangular pulse against the number of impacts 

is shown in Fig. 7.18b. As seen from the figure, when td is 0.6Tn,a for aluminium-alloy and 

is 0.6Tn for steel plate, the three shapes of the impulsive pressure history provide similar 

deflection predictions for the first four impacts. However, from the fifth impact the 

monotonically decreasing impulse (0tri) shows greater permanent set than the isosceles 

triangular impulse (0.5tri). When td ≥ 3.0Tn, the monotonically decreasing impulse (0tri) 

shows greater permanent set than the others for whole impacts. 

From the practical structural design viewpoint, therefore, it can be concluded that the 

monotonically decreasing impulse (0tri) can be assumed to predict the permanent set 

evolution of plate under repeated impulsive pressure loadings induced by slamming. 

However, this assumption may produce over-predictions when the impulse duration is longer 

than the natural period of plates. 
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(a) Variation of peak pressure 

 

 

 
(b) Variation of duration 

Fig. 7.18 Variation of normalised permanent deflection of plates for two different impulsive profile 

cases 
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7.4.5 Effect of load duration and peak pressure 

The clamped plate having an aspect ratio of 3 was employed without considering the HAZ 

in order to investigate the effect of the load duration and peak pressure on the permanent set 

evolution of the plate in the case of 10 repeated impulsive pressure loadings with the “0tri” 

impulsive profile. As seen in Fig. 7.19, as the duration of the impact increases, there are less 

oscillations in the curves. However, the oscillations continue to occur not only for the first 

impact, which was also mentioned in Ref. [192], but also for the subsequently repeated 

impacts. It is also observed that the increment in the permanent set of the plate is significantly 

decreased when a higher load duration is applied. The increment in the permanent set 

decreases as the quasi-static domain is approached. For the case in which td/Tn is in the quasi-

static domain, the permanent set of plate appears to remain unchanged even the same load is 

applied further. However, there was a slight increase in the permanent set of the plate in the 

case of repeated impulses with its duration being four times the plate’s natural period. 

Therefore, the impulse duration in the dynamic domain proposed by DNV [169] seems to 

consider as longer than three times plate’s natural period. 

In addition, the oscillations decreased as the peak pressure Pp increased, likely due to 

decreasing in the elastic strain energy relative to the total absorbed energy as the load 

magnitude increases, which was also stated by Cerik [192]. As expected, the permanent set 

of the plate is increased when the plate is subjected to higher impulse loadings. 
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Fig. 7.19 Deflection time histories of plate having aspect ratio of 3 for various cases 
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7.4.6 Effect of heat affected zone 

In addition to the effect of the impulses, the effect of the HAZ–with the assumption 

described in the sub-section 7.2.2.4–on the extent of damage to the plate in the case of 10 

repeated impulsive pressure loadings is also assessed. Here, the clamped plate having an 

aspect ratio of 3 and subjected to the 0tri impulsive profile was employed as a reference 

model. Figure 7.20 shows the variation of the normalised permanent set with the number of 

impacts of the plate, with and without the HAZ. It is evident that there is a considerable 

decrease in the resistance of the plate, showing increasing in the permanent set of the plate 

impulsively loaded with HAZ, regardless of the peak pressure, load duration, and the number 

of impacts. However, it is observed that the increase in the permanent set due to the HAZ 

decreases when the plate is impacted repeatedly. As stated in Ref. [192], considering the 

plastic collapse mechanism of a fully clamped rectangular plate, whereby plastic hinges are 

developed at the four edges of the plate, the reduced yield strength in the HAZ would be 

significantly affected by the response of the plates to impulsive pressure loadings. 

Consequently, the HAZ reduced the resistance to these loads, and less energy could thus be 

absorbed by the plate. It should be noted that, the increase in permanent set owing to the 

HAZ effects, could be associated with the assumed strength knockdown factor of 0.67. It 

should also be noted that this knockdown factor could vary widely depending on the type of 

aluminium alloys and welding methods used. It can be thus concluded that the HAZ may 

limit the ductile membrane deformation of the plates, and result in failure earlier than is 

assumed without the HAZ in this study [192]. 
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(b) Variation of duration 

Fig. 7.20 Variation of normalised permanent deflection against number of impacts of the plate w/ 

and w/o HAZ effects 

7.4.7 Effect of boundary conditions 

The bow flare of an actual navy ship, which is generally the same as Mori’s model (see 

Fig. 7.2), and of a commercial ship, were employed as a reference model. Clamped stiffened 

plates, with various stiffener configurations, with dimensions as shown in Table 7.7 and 7.8, 

were used. Types 1, 2, and 3, correspond respectively to weak, medium, and heavy stiffeners. 

Fig. 7.21a shows the cross-sectional parameters describing the geometrical characteristics of 

the stiffened plate models. Fig. 7.21b shows the plate models stiffened with two T-bar 

stiffeners applied for the parametric study. For the sake of simplicity, it was assumed that the 

material from Mori’s tests is used to fabricate both the plates and the stiffeners. A total of 

288 analyses were performed. Ten equivalent impulses, with triangular shape “0tri”, were 

repeatedly applied for each model. 

The numerical analysis techniques developed in the previous section were applied for this 

parametric study. Note that Tn,a, Tn and Pc calculated from Eqs. (7.2) – (7.5) and (7.7) were 

used to generate the same impulse applied to the stiffened plates, with one applied to the 

unstiffened plate. Fig. 7.22 shows the permanent set evolution of the plates under repeated 

impulsive pressure loadings. It is evident from the figure that increases in the number of 

impacts lead to an increase in the permanent set of stiffened plates. On the other hand, 

increasing the number of stiffeners (Ns), led to a rapid increase in the permanent set, and 

tended to have a certain value. 
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(a)      (b) 

 

 

(c) 

Fig. 7.21 Stiffened aluminium-alloy plate geometry: (a) stiffener cross-section, (b) details of plate 

models with two stiffeners, (c) finite element models for the stiffened plates 

Table 7.7 Scantlings of the unstiffened and stiffened Al plates 

Type Ns 
a b Ls B t hw tw bf tf Pd/Pc td/Tn,a 

[mm] [-] [-] 

Unstiff. 0 738 246 738 246 - - - - - 

2.0, 3.0, 4.0 
0.6, 0.9, 

1.2, 2.5 

1. Weak 

stiffener 

1 

738 246 738 

492 

6 74 6 40 6 
2 738 

4 1230 

6 1722 

2. Medium 

stiffener 

1 

738 246 738 

492 

6 94 6 56 6 
2 738 

4 1230 

6 1722 

3. Heavy 

stiffener 

1 

738 246 738 

492 

6 104 6 70 6 
2 738 

4 1230 

6 1722 

 

bf  

tf  

tw 

hw  

b  

t  

b  b  b  

B  

Ls  

a  
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Table 7.8 Scantlings of the unstiffened and stiffened steel plates 

Type Ns 
a b Ls B t hw tw bf tf Pd/Pc td/Tn 

[mm] [-] [-] 

Unstiff. 0 2400 800 2400 800 - - - - - 

3.0, 4.0, 5.0 
0.6, 0.9, 
1.2, 2.5 

1. Weak 

stiffener 

1 

2400 800 2400 

1600 

20 350 12 100 12 
2 2400 

4 3200 

6 4000 

2. Medium 

stiffener 

1 

2400 800 2400 

1600 

20 425 12 125 12 
2 2400 

4 3200 
6 4000 

3. Heavy 

stiffener 

1 

2400 800 2400 

1600 

20 500 12 150 12 
2 2400 

4 3200 

6 4000 

 

For the problem of estimating the evolution of a permanent set of a stiffened plate under 

repeated impulsive pressure loadings, many researchers did not consider the effect of the 

number of stiffeners on a permanent set. As shown in the results of the parametric study (see 

Fig. 7.22), although impulsive pressure with the same magnitude is applied, as the number 

of stiffeners increases, the permanent set is significantly increased, not only for the first 

impact, but also for the subsequent impacts. However, the increase of permanent set was 

negligible when the number of stiffeners is greater than 4. As seen in Fig. 7.23, there are the 

gaps between the initial position and the deformed position.  
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(b) with 1.2Tn3.0Pc 

Fig. 7.22 Variation of evolution damage of the stiffened plates with number of stiffeners 
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Fig. 7.23 Deformation profiles of stiffened steel plates having different numbers of stiffeners under 

repeated impulses td=0.6Tn and Pp=3.0Pc 
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Therefore, it is also necessary to assess the relationship between the magnitude of the gap, 

depending on the number of stiffeners, and the permanent set of plates under repeated 

impulsive pressure loadings. 

7.4.8 Pseudo-shakedown phenomenon 

The pseudo-shakedown phenomenon is important in marine structural design when a 

structure is subjected to repeated impulsive pressure loading or repeated mass impacts.  

Responses of marine structures under repeated impacts have been extensively investigated 

and discussed by experimental, theoretical, and numerical methods [85, 86, 91, 120, 139, 

193]. Regarding the repeated mass impacts, Zhu and Faulkner [85] performed repeated 

dynamic mass impacts on unstiffened plates and concluded that no pseudo-shakedown 

phenomenon occurred. The same conclusion was drawn by Cho et al. [91] when the impact 

energy was greater than the elastic energy absorption capacity of the beam. Huang et al. [86], 

by contrast, reported the achievement of the pseudo-shakedown state for plates associated 

with the condition of smaller kinetic energy comparing with the elastic energy absorption 

capacity of the plate. However, Jones [120] concluded that the external impact energy, in 

practice, would be greater than the elastic energy absorption capacity of the struck structure. 

Therefore, it would be difficult to observe the pseudo-shakedown state in reality.  

Zhu et al. [194, 195] investigated the saturation phenomenon, which is a distinct feature 

of the dynamic response of structures subjected to a single pulse loading. This phenomenon 

shows that after saturation duration the rest load pulse will not cause further permanent 

deflection. This kind of load having a long duration can be regarded as quasi-static. It is 

evident that these two phenomena are related with different loading conditions. Repeated 

loadings are associated with the pseudo-shakedown phenomenon, whereas single loads for 

the saturation phenomenon, even though they are both caused by the finite-displacement 

effect [195]. In case of repeated impulsive pressure loadings, however, Jones [190] pointed 

out there was a pseudo-shakedown phenomenon for a rigid, perfectly plastic rectangular 

plate subjected to repeated identical slamming pressures. He observed, under certain 

circumstances, that a rigid, perfectly plastic structure would not deform for further 

repetitions of the same dynamic impulsive pressure load, i.e., when no kinetic energy can be 

absorbed further by the structure under repeated identical pressure pulses. A conjecture for 

the pseudo-shakedown phenomenon of rigid, perfectly plastic beams and plates under 

repeated rectangular-shaped pressure pulses has been illustrated by Shen and Jones [193]. 

In this study, to investigate the occurrence of the pseudo-shakedown state, numerical 

analyses were conducted. The analysis results of the elastic-plastic plates under various 
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impulses are provided in Figs. 7.15-7.18 and 7.20. As be seen in the figures, when the plate 

is repeatedly impacted further with (i) the same small impulse, or (ii) a relatively long 

duration approaching quasi-static, the permanent set is getting smaller and tend towards the 

stationary state, which can be called as the pseudo-shakedown phenomenon, while for the 

repeated impact cases having short duration, but with high peak pressure, more impacts were 

likely required to lead to the permanent set evolution approaching a stationary value. 

However, it is still premature to figure out when the plate reaches its pseudo-shakedown 

state. Further experimental and numerical investigations seem necessary to draw any firm 

conclusion regarding the occurrence of the pseudo-shakedown state. 

According to the case study of repeated impacts, it can be concluded that the peak pressure 

and duration and number of impact, as well as the material properties have a significant 

effect on whether the pseudo shakedown state can be achieved for a structure under repeated 

impulsive pressure loadings. It should be noted that the present study only refers to the plastic 

deformation mode, while the fracture damage mode have not been considered, which in 

practice could cause no achievement of a pseudo-shakedown state. 

7.5 Design equations for prediction of deflection evolution 

For a more deliberate design of marine structures, it is necessary to be able to estimate the 

deflection evolution of plates under the repeated impulsive pressure loadings induced by 

slamming. In the available literature, there are many studies focusing on the estimation of a 

permanent set of the plates due to a single impulse; however, during the service life of marine 

structures, the single impulse may not be a likely representation of realistic slam loads acting 

on structures. However, there exists no formulation for predicting the permanent set 

evolution of structures caused by repeated impulsive pressure loadings. 

7.5.1 Unstiffened plates 

It was, therefore, decided to derive a design formulation for predicting the evolution of 

the permanent set of the plates subjected to repeated monotonically decreasing triangular 

impulses. Prior to deriving the design formulae, the tendencies of non-dimensional design 

parameters were investigated, based on the results of rigorous parametric studies performed, 

as shown in Figs. 7.15-7.18, 7.20 and 7.24. The non-dimensional parameters, such as the 

aspect ratio (a/b), plate slenderness ratio (β), peak pressure (Pp/Pc), peak duration (td/Tn,a, 

td/Tn), and impact numbers (N), are used. As can be observed in the figures, the evolution of 

the permanent set is monotonically increased according to the non-dimensional design 
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parameters, except the peak duration, plate slenderness ratio and the number of impacts. 

When the peak durations, plate slenderness ratio and impact numbers increased, the 

permanent set tended to have certain values. The form of the equation for the prediction of 

the permanent set can be then selected. As observed by Cho et al. [61], Eq. (7.8) is the basis 

for providing a good fit for the variation of the permanent set with td/Tn,a, td/Tn, β and N. In 

addition, the other two parameters (Pp/Pc and a/b) can be considered as modification factors 

for this equation. It should be noted that this form was also reliably applied by Cerik [192] 

in deriving equations for predicting the permanent set of the plates due to a single pulse. 

2
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f x
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(c) Peak pressure 

 

(d) Peak duration 

Fig. 7.24 Tendencies of damage extent of aluminium-alloy plates (w/o HAZ) against non-

dimensional typical design parameters 

By performing a nonlinear regression analysis, Eqs. (7.9) – (7.12), are derived for 

predicting the permanent set evolution of the plates without and with the HAZ effect, 

respectively, under repeated impulsive pressure loadings induced by slamming, as functions 

of the peak pressure, peak duration of the impulse, number of impacts, and plate slenderness 

and aspect ratios. It should be noted that only the ranges of td/Tn,a, td/Tn and Pp/Pc given in 

Tables 7.5 and 7.6, is considered in deriving the following equations: 
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 (b) With edge HAZ 

 

(c) With center HAZ 

Fig. 7.25 Comparison of the predicted deflection evolution of the unstiffened plates using the 

proposed formulas with the numerically observed data 
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 (7.9) 

with a mean of 0.998 and COV of 6.41%. 

For steel plate: 
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with a mean of 0.991 and COV of 3.86%. 

For plate with the edge HAZ: 
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with a mean of 1.008 and COV of 5.56 %. 

For plate with the center HAZ: 
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 (7.12) 

with a mean of 1.006 and COV of 4.71 %. 

For all the equations, the ratio of the predicted wp/t using the above equations to the 

numerical analysis results is calculated. After deriving any design formulation, it is 

necessary to check the skewness of the predictions against numerical results using the cross-

validation charts, as shown in Fig. 7.25. The accuracy and reliability of the predictions using 

the proposed design formulation are acceptable. It should be noted that for all the equations, 

there is a slight discrepancy when td/Tn,a and td/Tn is less than 0.6 for the first impact and less 

than 0.5 for all the subsequent impacts. 

7.5.2 Stiffened plates 

Similarly to the unstiffened plate, after investigating the effect of each parameter on the 
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response of stiffened plate to repeated impulsive pressure loadings, the most important 

parameters were considered in deriving equations for prediction of the evolution of damage 

for the stiffened plates. The non-dimensional parameters chosen are the rigidity ratio, αi 

(=Inertia moment/stiffener spacing/(t3/12)), peak pressure, Pp/Pc, peak duration, td/Tn,a, td/Tn 

and impact numbers, N, and the number of stiffeners, Ns. As seen in Figs. 7.22 and 7.26, the 

extents of damage are monotonically increased and decreased according to the non-

dimensional design parameter and number of impacts, and rigidity ratio, respectively, except 

for the peak duration and number of stiffeners. When the peak durations and stiffener 

numbers increased, the extents of damage tended to have certain values. 

Through nonlinear regression analysis, the following equation is derived, which predict 

the extents of damage to plates from repeated impulsive pressure loading induced by 

slamming when the peak pressure and peak duration of the impulse are provided. Note that 

only the ranges of td/Tn,a and td/Tn and while relatively large pressures given in Tables 7.5 

and 7.6, were considered in deriving the following equations for prediction of the evolution 

of damage of stiffened plates (without the HAZ). 

For stiffened Al plate without the HAZ: 
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 (7.13) 

with a mean of 1.030 and COV of 8.15%. 

For stiffened steel plate: 
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 (7.14) 

with a mean of 1.000 and COV of 8.13%. 

where αi is the rigidity ratio, Ns is the number of stiffeners, if Ns is greater than 5, Ns=5; 

wp,unstiff is the permanent set of the unstiffened plate, which is calculated by the proposed Eqs. 

(7.9) and (7.10), for aluminium-alloy and steel plates, respectively. 
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(a) Rigidity ratio 
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(d) Number of stiffeners 

Fig. 7.26 Tendencies of damage extent of stiffened aluminium-alloy plates (w/o HAZ) against non-

dimensional typical design parameters 
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Fig. 7.27 Comparison of the predicted deflection evolution of the stiffened plates using the 

proposed formulas with the numerically observed data in the dynamic domain 

It is evident form Fig. 7.27 that the accuracy and reliability of the predictions using the 

proposed design formulation are acceptable. It should be noted that for this equation there is 

a slight discrepancy when td/Tn,a and td/Tn are less than 0.6 for the first impact. 

7.6 Final remarks 

In this study, the results of the repeated wet drop tests conducted on stiffened plates by 

Mori [14] and Shin et al. [177] were used to provide information for the validation of the 

current FE analysis model of the plates under repeated impulsive loadings. The response of 

marine steel and aluminium-alloy rectangular plates to repeated impulsive pressure loads 

was then numerically studied. The material characteristics and the HAZ (for aluminium-

alloy plate) were also taken into account. The validation models were then used for a rigorous 

parametric study to evaluate the effect of a number of key parameters such as the peak 

pressure, impact duration and aspect and slenderness ratios on the response of the steel and 

aluminium-alloy plates. Nonlinear regression analysis was then performed and design 

formulae were presented. The findings of this study are as follows: 

When the wet drop tests are repeatedly performed for the same drop height, the increases 

in the permanent set of the impacted plate cannot be neglected. However, when the same 

quasi-static load is applied several times, the permanent set does not be increased. 
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The numerical analysis results of the repeated impulsive pressure impacts show that in the 

beginning, the increases in the permanent set are significant, but later, the total permanent 

set converges to a certain value, regardless of the plate aspect ratio, HAZ effect (for 

aluminium-alloy plate), impulse, or profile of the triangular pressure pulse. 

In a dynamic domain, the permanent set of the plates at the first three impacts was almost 

identical regardless of the plate aspect ratio, whereas they were clearly different to each other 

in the quasi-static domain. However, the increment in the permanent set was mostly the same 

for different plate aspect ratios, regardless of the peak pressure and load duration. In addition, 

the permanent set of the plate is considerably increased when the plate aspect ratio is 

decreased and the plate slenderness ratio is increased, regardless of the number of impacts 

and impulses. 

For a single impulsive load, the response of the plate is not significantly affected by the 

profile of the triangular pressure pulse, whereas in the case of repeated impulsive pressure 

loadings that are often induced by actual slamming during the service life of vessels, the 

shape of the pressure time history considerably affects the response of the plates. Therefore, 

the realistic pressure time history arising from slamming should be carefully considered in 

the structural design of marine vessels. 

The effect of boundary conditions on the response of the isolated plates under repeated 

impulsive pressure loadings was found to be significant. Therefore, it is necessary to assess 

the relationship between the magnitude of the gap depending on the number of stiffeners and 

permanent set of plates under repeated impulsive pressure loadings. 

Reported experimental investigations and theoretical analyses have been briefly reviewed 

and the numerical analyses of repeated impact problem were developed in this study. A brief 

discussion on the pseudo-shakedown phenomenon was provided. The impulse 

characteristics, number of impacts, and material properties were highlighted as important 

parameters in the structural response under repeated impacts. 

Using the results obtained through extensive numerical simulations, simple yet accurate 

design formulae for prediction of the permanent set of unstiffened and stiffened plates under 

repeated impulsive pressure loadings induced by slamming were derived as a function of 

non-dimensional impulse parameters, plate slenderness and aspect ratios, and the number of 

impacts and stiffeners. The simple formulae proposed are in good agreement with the 

numerical analysis results. 

The effect of the HAZ on the boundaries of the aluminium-alloy plates was found to be 

significant. It is evident that there is a considerable decrease in the resistance of the plate, 
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which indicates an increase in the permanent set of the plate that is impulsively loaded when 

considering HAZ, regardless of the impulses and the number of impacts. However, it is 

observed that the increase in the permanent set due to the HAZ decreases when the plate is 

impacted repeatedly. 

The results of this study can be applied to the structural design of marine vessels subjected 

to repeated impulsive pressure loadings induced by slamming. Till date, experiments 

focusing on aluminium-alloy and steel panels subjected to repeated impulsive pressure 

loadings have rarely been conducted. Hence, further experimental test results for the impact 

response of marine plates are desirably required considering the typical slamming load in 

addition to the properties of the HAZ formed due to the fusion welding process. Moreover, 

further investigation appears to be necessary with respect to the effects of the strain 

hardening and strain rate hardening on the dynamic response of marine steel and aluminium-

alloy plates to repeated impulsive pressure loadings. 
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Chapter 8 

Conclusions and recommendations 

for further work 

8.1 Conclusions 

Repeated impact events may have severe consequences, and it is important to design both 

ships and offshore structures so that they have sufficient resistance to such events. The aim 

of the present work constituted of contributing to the understanding and analyzing the 

structural behaviour of marine structural components subjected to repeated mass impacts 

arising from contact with ice floes and floating objects, as well as repeated impulsive 

pressure loadings induced by explosions, and slamming. In addition, simple yet accurate 

formulae for quick checking evolution of damage extents of marine structures due to 

repeated impact loadings were derived. Both experimental results and nonlinear finite 

element simulations were extensively used. The focus was given for the rational design and 

the response of marine structures to repeated impact loadings. 

The major contribution of the present work to the analysis and design of marine structural 

components subjected to repeated loads is constituted of following items: 

- The material behaviour plays an important role for the response of marine structures to 

repeated impact loadings. Therefore, numerous tensile coupon tests for corresponding test 

models were conducted in this thesis. The mechanical properties of model materials were 

obtained through tensile tests at various temperature levels, considering room temperature, 

-30, -50, and -70 °C. Yield strength, tensile strength, and strain gradually increased with 

decreasing temperature, implying low temperature may make steel models more brittle and 

strong. 
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- For the first time, repeated dynamic impact tests on small-scale single beams made of 

FH32 low-temperature grade steel were conducted and the details and extensive results were 

reported. Furthermore, the tests were simulated numerically and reasonable agreement was 

obtained. 

The permanent deflections of the impacted structures at the sub-zero temperature are 

smaller than those of the room temperature tests due to increase in yield and ultimate tensile 

strength; this was also confirmed by Cho et al. [91] and Min et al. [96]. However, these 

effects in reducing the temperature from -30 °C to -50 °C are found to be slight. The 

maximum permanent deflections of the structures significantly increased with increasing 

number of impacts regardless of impact velocity. The increment of maximum permanent 

deflections decreased with increasing number of impacts, in which they decreased faster in 

the case of the lower impact velocity than in the higher impact velocity case. In addition, 

smaller deflections can be observed when the impact location is near the supports owing to 

the higher stiffness of the impact location, and smaller rotations occur, resulting in decreased 

deflection of the beam. 

As the number of impacts increases, the maximum contact force increases but the impact 

duration decreases significantly. In other words, when the number of impacts increases the 

material can recover the elasticity; this was confirmed by Huang et al. [86]. 

The numerical simulation results are very sensitive to the means by which the supports 

are modelled. As expected, the full model similar to the experimental models gives better 

prediction of the plastic behaviour of the tested model under repeated mass impacts. The 

effect of strain rate hardening is numerically investigated. It is observed that in this particular 

study for the single beam model, the strain rate hardening definition was insignificantly 

affected to the accuracy of numerical simulations, whereas it clearly affected to numerical 

prediction in term of permanent deflection for the grillage model. 

For impact case of plates, the most severe case is when the load is applied through a 

hemispherical striker which resembles highly localised point loading. Contrary to the 

hemispherical striker case, when the load is applied through a rectangular striker or knife-

edge striker, the resistance is greatly higher than the hemispherical striker case regardless of 

the number of impacts. However, a critical point is the strain concentration at the contact 

points with the knife-edge ends or corners of the rectangular striker and the plate. These are 

the hot spots for tearing of the plate. In reality, the tearing of the ship plate could result in 

the spillage of liquefied gas cargo [139]. Hence, from the design point of view, it is necessary 

to consider not only the accumulation of permanent deformations due to repeated impact 

forces but also the extreme straining due to localised forces from impacts. 



217 

The response of steel and aluminium-alloy rectangular plates to repeated impulsive 

pressure loads induced by slamming and multiple explosions was numerically studied and 

compared to the relevant test data from the open literature. The material characteristics and 

the HAZ were also taken into account for aluminium-alloy plate. The plate experienced 

accumulation of deformation during repeated impulsive loadings. The permanent deflection 

of the model was significantly increased with increased in impulses. According to numerical 

and experimental investigation results, the effect of the repetition of the impulsive pressure 

cannot be neglected in the structural design against impulsive loading. The numerical 

analyses results of the repeated impulsive pressure impacts show that at the beginning, the 

increases of the permanent set are significant, but later the total permanent set converges to 

a certain value, regardless of the plate aspect ratio, the HAZ effect, impulse and profile of 

triangular pressure pulse. 

For aluminium-alloy plate, the permanent deflection of plates at the first three impacts 

was an almost identical regardless plate aspect ratio. However, the increment of deflection 

was mostly the same for different plate aspect ratios independent on peak pressure and load 

duration. In addition, the permanent set of the steel and aluminium-alloy plates is 

considerably increased when the plate aspect ratio is decreased and the plate slenderness 

ratio is increased, regardless of the number of impacts and impulses. For single impulsive 

load, the response of plate is insignificantly affected by the profile of triangular pressure 

pulse, whereas for the case of repeated impulsive pressure loadings which often induces by 

actual slamming during the service life of vessels, the shape of pressure time history is 

considerably affected on the response of plates. Therefore, the realistic pressure time history 

raised from slamming should be carefully considered in the structural design of marine 

vessels. The effect of the HAZ on the boundaries of fully clamped aluminium-alloy plates 

was found to be significant. It is evident that there is a considerable decrease in resistance of 

plate showing increasing in permanent deflection of aluminium-alloy plate impulsively 

loaded with HAZ regardless impulses and the number of impacts. However, it is observed 

that the increase in the permanent deflection due to the HAZ is decreased when the plate is 

impacted repeatedly. 

The permanent set of stiffened plates was quite different from that of unstiffened plates 

subjected to not only single but also repeated impulsive pressure loadings. Therefore, it is 

necessary to consider the effect of a number of stiffener on the permanent deflection of the 

plates. 

Reported experimental investigations and theoretical analyses have been briefly reviewed 

and the numerical analyses of repeated impact problem were developed in this thesis. A brief 

discussion on the pseudo-shakedown phenomenon was provided. The impulse 
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characteristics, number of impacts, and material properties were highlighted as important 

parameters in the structural response under repeated impacts. 

Using the results obtained through extensive numerical simulations based on the validated 

models, simple yet accurate design formulae to predict the evolution damage to the marine 

structure due to repeated impact loadings were derived as a function of a non-dimensional 

impact parameter and the number of impacts/impulses, as well as geometry parameters. The 

derived equations are simple yet accurate. It should be noted that the derived equations are 

valid for the range of parameters considered in the present work only. Alternately, the use of 

the formulae presented in this thesis may be limited in terms of application range due to a 

number of models considered. 

Simplified analysis methods for repeated impact response of the beams and grillages were 

developed. In this method, it is assumed that all kinetic energy of the striker is dissipated as 

elastic spring back and plastic deformation of the struck beams. The plastic deformation 

consists of hinge rotation occurring at mid-length and ends of the beams, and the membrane 

tension of the beams. The elastic strain energy of the beams probably due to rebound velocity 

of the striker caused by elastic spring back of the beam after each impact, was taken into 

account for the present analytical method. Considering the large uncertainty associated with 

structural impact problems, the results were found encouraging when compared with the 

experimental and numerical ones. 

8.2 Recommendations for further work 

Because of time constraints as well as deserving to be further investigation, some aspects 

of importance and interest which were not considered the present thesis. Some of the points 

that may be recommended as further work are listed below: 

- The thesis work has mainly focused on steel materials. Other materials, such as 

aluminium and composite, should also be investigated in a similar manner. Further 

investigation appears to be necessary with respect to the effects of the strain hardening and 

strain rate hardening on the dynamic response of marine material plates under repeated 

impulsive pressure loadings. 

- Initiation crack of structures due to repeated loads should be thoroughly investigated. 

Fracture prediction and element size mesh sensitivity are the challenging issues when 

NLFEA is used. Therefore, experimental evidence is also highly desirable. Further 

investigation with respect to sub-zero temperatures on severe impacts that cause fractures in 

impacted structures is also encouraged. 
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- Damage interaction analysis should be extended to more complex structures. Actual bow, 

stern and side structures of marine vessels should be utilised. Also, repeated impacts with 

different kinetic energies from contact with real iceberg should be investigated. A database 

featuring general characteristics of marine vessels should be established. It is also desirable 

to conduct damage interaction analysis with not only grillage or single beam but also with 

stiffened plates and further actual model. 

- In reality, the impact velocity and striking mass, as well as impact location could be 

different after each impact event, hence such impact scenarios should be considered to 

provide more realistic impact response of marine structures. 

- Like submergence effect on response of marine steel vessels to slamming loads observed, 

the response of marine aluminium-alloy structure considering this effect to slamming loads 

should be addressed in a similar manner with steel structures. Therefore, investigations on 

effect of submergence on response of aluminium-alloy plates to repeated slamming loads 

seem required. 

- Experimental data focusing on marine steel and aluminium-alloy panels under repeated 

impulsive pressure loadings induced by slamming and multiple explosions have rarely been 

conducted in the past. Hence, further repeated impulsive tests on marine material plates are 

desirably required considering typical slamming load. In addition, properties of heat affected 

zone due to fusion welding process for aluminium panels should be considered thoroughly. 

- Design equations for prediction of deflection evolution of marine structures due to 

repeated impact loadings seem to be further improved. Further experimental and theoretical 

investigations considering a wide range of impact parameters as well as effects of 

arrangement, scantling and shape of stiffeners on the dynamic response of marine structures 

to repeated impact loadings may be required.  
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Appendix 

A. Properties of the grillage model material at various temperatures 

Table A.1 Properties of tensile test coupons for grillage models 

G-R-1,2 

Transverse 

beam 
Nominal 

thickness  

[mm] 

Temp. 

[°C] 

Measured thickness  

[mm] 

Measured width  

[mm] 
Area [mm2] 

Remark 

Coupon ID 

# 
t1 t2 t3 tave w1 w2 w3 wave Aave 

RT-10-1 

10 RT 

9.86 9.84 9.86 9.85 25.07 25.10 25.11 25.09 247.25 

Conducted in 

University of Ulsan 

RT-10-2 9.83 9.88 9.86 9.86 25.10 25.05 25.09 25.08 247.21 

RT-10-3 9.90 9.89 9.81 9.87 25.26 25.23 25.25 25.25 249.10 

RT-10-4 9.88 9.82 9.85 9.85 25.09 25.11 25.08 25.09 247.17 

RT-10-5 9.82 9.84 9.85 9.84 25.05 25.06 25.08 25.06 246.54 

RT-10-6 9.86 9.89 9.90 9.88 25.10 25.15 25.11 25.12 248.27 

RT-10-7 9.86 9.82 9.86 9.85 25.24 25.24 25.28 25.25 248.66 

RT-10-8 9.82 9.81 9.81 9.81 25.20 25.22 25.22 25.21 247.43 
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G-L-1,2 

Transverse 

beam 
Nominal 

thickness  

[mm] 

Temp. 

[°C] 

Measured thickness  

[mm] 

Measured width  

[mm] 
Area [mm2] 

Remark 

Coupon ID 

# 
t1 t2 t3 tave w1 w2 w3 wave Aave 

LT-10-1 

10 

-30 
9.82 9.83 9.82 9.82 25.06 25.05 25.11 25.07 246.30 

Conducted in Mokpo 

National University 

LT-10-2 9.81 9.82 9.83 9.82 25.15 25.12 25.11 25.13 246.74 

LT-10-3 
-50 

9.86 9.85 9.86 9.86 25.14 25.16 25.16 25.15 247.93 

LT-10-4 9.81 9.83 9.85 9.83 25.22 25.20 25.25 25.22 247.95 

 

G-R-1,2 

Longitudinal 

beam 
Nominal 

thickness  

[mm] 

Temp. 

[°C] 

Measured thickness  

[mm] 

Measured width  

[mm] 
Area [mm2] 

Remark 

Coupon ID 

# 
t1 t2 t3 tave w1 w2 w3 wave Aave 

RT-15-1 

15 RT 

14.83 14.83 14.88 14.85 25.17 25.07 25.11 25.12 372.90 

Conducted in 

University of Ulsan 

RT-15-2 14.84 14.84 14.86 14.85 25.06 25.10 25.09 25.08 372.40 

RT-15-3 14.83 14.83 14.83 14.83 25.26 25.16 25.20 25.21 373.81 

RT-15-4 14.86 14.89 14.90 14.88 25.23 25.09 25.14 25.15 374.37 

RT-15-5 14.90 14.85 14.93 14.89 25.36 25.24 25.23 25.28 376.45 

RT-15-6 14.90 14.84 14.91 14.88 25.20 25.23 25.13 25.19 374.86 

RT-15-7 14.86 14.95 14.98 14.93 25.36 25.41 25.34 25.37 378.77 

RT-15-8 14.92 14.96 14.94 14.94 25.18 25.06 25.08 25.11 375.09 

RT-15-9 14.87 14.88 14.88 14.88 25.24 25.36 25.29 25.30 376.33 

RT-15-10 14.90 14.91 14.94 14.92 25.10 25.13 25.09 25.11 374.51 

RT-15-11 14.90 14.88 14.87 14.88 25.23 25.20 25.18 25.20 375.11 
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RT-15-12 14.84 14.86 14.85 14.85 25.07 25.03 25.03 25.04 371.89 

RT-15-13 14.81 14.80 14.82 14.81 25.07 25.06 25.05 25.06 371.14 
Conducted in Mokpo 

National University 
RT-15-14 14.81 14.79 14.80 14.80 25.25 25.23 25.23 25.24 373.50 

RT-15-15 14.80 14.79 14.81 14.80 25.23 25.19 25.19 25.20 373.01 

 

G-L-1,2 

Longitudinal 

beam 
Nominal 

thickness  

[mm] 

Temp. 

[°C] 

Measured thickness  

[mm] 

Measured width  

[mm] 
Area [mm2] 

Remark 

Coupon ID 

# 
t1 t2 t3 tave w1 w2 w3 wave Aave 

LT-15-1 

15 

-30 

14.81 14.80 14.78 14.80 25.06 25.07 25.13 25.09 371.20 

Conducted in Mokpo 

National University 

LT-15-2 14.78 14.81 14.80 14.80 25.15 25.14 25.13 25.14 371.99 

LT-15-3 14.85 14.91 14.87 14.88 25.06 25.08 25.07 25.07 372.96 

LT-15-4 

-50 

14.86 14.86 14.87 14.86 25.09 25.17 25.16 25.14 373.66 

LT-15-5 14.88 14.87 14.85 14.87 25.23 25.16 25.15 25.18 374.34 

LT-15-6 14.84 14.86 14.86 14.85 25.07 25.08 25.09 25.08 372.52 

LT-15-7 

-70 

14.86 14.89 14.86 14.87 25.11 25.06 25.09 25.09 373.04 

LT-15-8 14.87 14.86 14.85 14.86 25.08 25.12 25.10 25.10 372.99 

LT-15-9 14.87 14.87 14.83 14.86 25.34 25.29 25.36 25.33 376.32 
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Table A.2 Results of 10 mm tensile coupon tests for grillage models 

Coupon ID # 
Nominal thick. 

[mm] 

Measured 

thick. 

[mm] 

Mechanical properties of model materials 

Remark σy 

[MPa] 

σT 

[MPa] 

E 

[MPa] 
εY εHS εT εf 

RT-10-1 

10 

9.85 332.56 498.08 204884 0.001614 0.003702 0.159584 0.307 

Ulsan 

RT-10-2 9.86 350.06 501.37 204434 0.001699 0.003708 0.152286 0.373 

RT-10-3 9.87 336.64 497.87 214232 0.001634 0.003552 0.163240 0.376 

RT-10-4 9.85 326.51 493.48 198847 0.001585 0.003640 0.179616 0.380 

RT-10-5 9.84 330.54 489.30 213932 0.001605 0.003568 0.163840 0.384 

RT-10-6 9.88 324.52 488.43 209018 0.001575 0.003538 0.167674 0.386 

RT-10-7 9.85 341.21 489.36 198440 0.001719 0.005610 0.160472 0.380 
Mokpo 

RT-10-8 9.81 345.63 492.94 195247 0.001770 0.004505 0.160000 0.371 

Mean 9.85 335.96 493.85 204879.3 0.001650 0.003978 0.163339 0.379  

Std. dev. 0.02100 9.1 4.8 7145.3 0.000071 0.000732 0.007925 0.026  

COV (%) 0.21 2.71 0.97 3.49 4.29 18.39 4.85 6.87  

LT30-10-1 
10 

9.82 383.80 535.95 212162 0.001809 0.006344 0.159167 0.391 
Mokpo 

LT30-10-2 9.82 383.01 535.55 205445 0.001864 0.007249 0.170534 0.388 

Mean 9.82 383.40 535.75 208803.5 0.001837 0.006796 0.164851 0.390  

Std. dev. 0.0 0.6 0.3 4749.6 0.000039 0.000640 0.008038 0.002  

COV (%) 0.00 0.15 0.05 2.27 2.13 9.41 4.88 0.55  

LT50-10-1 
10 

9.86 402.08 545.87 206328 0.001949 0.008021 0.169683 0.399 
Mokpo 

LT50-10-2 9.83 403.16 547.37 207259 0.001945 0.008602 0.173076 0.403 

Mean 9.85 402.62 546.62 206793.5 0.001947 0.008312 0.171380 0.401  

Std. dev. 0.0 0.8 1.1 658.3 0.000003 0.000411 0.002399 0.003  

COV (%) 0.22 0.19 0.19 0.32 0.13 4.94 1.40 0.85  
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Table A.3 Results of 15 mm tensile coupon tests for grillage models 

Coupon ID # 

Nominal 

thick. 

[mm] 

Measured 

thick. 

[mm] 

Mechanical properties of model materials 

Remark σy 

[MPa] 

σT 

[MPa] 

E 

[MPa] 
εY εHS εT εf 

RT-15-1 

15 

14.85 351.82 430.80 231340 0.001708 0.010222 0.159754 0.450 

Ulsan 

RT-15-2 14.85 356.77 430.21 223799 0.001732 0.011144 0.157414 0.448 

RT-15-3 14.83 360.15 433.78 208111 0.001748 0.011452 0.152618 0.438 

RT-15-4 14.88 355.89 431.17 227933 0.001728 0.001090 0.130196 0.412 

RT-15-5 14.89 359.02 430.86 219909 0.001743 0.011784 0.148180 0.422 

RT-15-6 14.88 357.78 433.90 235827 0.001737 0.010804 0.145846 0.434 

RT-15-7 14.93 350.54 429.50 219860 0.001702 0.010126 0.153870 0.445 

RT-15-8 14.94 355.98 427.32 213559 0.001728 0.012144 0.146398 0.438 

RT-15-9 14.88 360.46 433.84 222493 0.001750 0.012452 0.145938 0.435 

RT-15-10 14.92 352.18 428.05 190680 0.001710 0.010390 0.145052 0.437 

RT-15-11 14.88 350.58 427.45 222616 0.001702 0.012998 0.152452 0.431 

RT-15-12 14.85 354.96 433.67 223719 0.001723 0.001176 0.133744 0.420 

RT-15-13 14.81 361.65 433.72 199667 0.001811 0.012501 0.145349 0.430 

Mokpo RT-15-14 14.80 372.16 437.14 206390 0.001803 0.013504 0.143418 0.427 

RT-15-15 14.80 373.75 439.42 205603 0.001818 0.013701 0.136759 0.424 

Mean 14.87 358.25 432.06 216767 0.001743 0.011786 0.146466 0.433  

Std. dev. 0.04 6.9 3.5 12464.3 0.000038 0.001218 0.008289 0.011  

COV (%) 0.30 1.94 0.80 5.75 2.21 10.34 5.66 2.43  

LT30-15-1 

15 

14.8 403.30 471.92 207549 0.001943 0.014005 0.167897 0.456 

Mokpo LT30-15-2 14.8 405.61 468.71 206121 0.001968 0.014301 0.164534 0.449 

LT30-15-3 14.87 399.54 471.65 256078 0.001560 0.008763 0.107441 0.332 
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Mean 14.82 402.82 470.76 206835 0.001955 0.014153 0.166216 0.452  

Std. dev. 0.04 3.1 1.8 28439.4 0.000229 0.003116 0.033975 0.069  

COV (%) 0.27 0.76 0.38 13.75 11.69 22.01 20.44 15.35  

LT50-15-1 

15 

14.86 426.87 499.94 206467 0.002067 0.018599 0.169573 0.476 

Mokpo LT50-15-2 14.87 435.53 499.46 208935 0.002085 0.017530 0.171223 0.472 

LT50-15-3 14.85 435.95 503.96 208706 0.002089 0.016310 0.161326 0.468 

Mean 14.86 432.79 501.12 208036 0.002080 0.017480 0.167374 0.472  

Std. dev. 0.01 5.1 2.5 1363.6 0.000011 0.001145 0.005302 0.004  

COV (%) 0.07 1.18 0.49 0.66 0.54 6.55 3.17 0.82  

LT70-15-1 

15 

14.87 444.87 517.39 206121 0.002158 0.019000 0.165699 0.477 

Mokpo LT70-15-2 14.86 447.60 515.00 207234 0.002160 0.019313 0.171019 0.476 

LT70-15-3 14.86 442.59 509.30 215407 0.002055 0.019281 0.165386 0.478 

Mean 14.86 445.02 513.90 209587 0.002124 0.019198 0.167368 0.477  

Std. dev. 0.01 2.5 4.2 5070.6 0.000060 0.000172 0.003166 0.001  

COV (%) 0.04 0.56 0.81 2.42 2.84 0.90 1.89 0.30  
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Fig. A.1 Tensile test curves for the coupons cut from 10 mm shell parent plate 
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Fig. A.2 Tensile test curves for the coupons cut from 15 mm shell parent plate
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(a) for 10 mm coupons at room temperature (ULSAN) 

  

(b) for 15 mm coupons at room temperature (ULSAN) 
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(c) for 10 mm coupons at room temperature (Mokpo) 

  

(d) for 15 mm coupons at room temperature (Mokpo) 
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(e) for 10 mm coupons at -30 ºC (Mokpo) 

   

(f) for 15 mm coupons at -30 ºC (Mokpo) 
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(g) for 10 mm coupons at -50 ºC (Mokpo)  

   

(h) for 15 mm coupons at -50 ºC (Mokpo)  
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(i) for 15 mm coupons at -70 ºC (Mokpo) 

Fig. A.3 Tensile test set-up and tested coupon in position 
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B. Numerical analysis results 

B.1 Results of permanent deflection 

Table B.1.1 Comparisons of predictions and test results and parametric study results of permanent deflection of the single beam under repeated mass impacts 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. 
(3.32)) 

Remark 
Num. Eq. (3.32) 

1 

1.068 13.44 9015.006 304936.059  3.132 298 1461.604  6.442  4.793  12.365  

1.245  1.173  1.061  

LT-R2 

2 2.191  1.997  1.097  

3 2.881  2.666  1.081  

4 3.366  3.209  1.049  

5 3.736  3.644  1.025  

6 4.025  3.992  1.008  

7 4.262  4.269  0.998  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. 
(3.32)) 

Remark 
Num. Eq. (3.32) 

1 

1.068 13.44 9015.006  304936.059  3.962 298 2338.919  10.308  7.670  12.365  

1.943  1.670  1.164  

LT-R1 

2 3.197  2.841  1.125  

3 4.015  3.793  1.059  

4 4.634  4.565  1.015  

5 5.139  5.185  0.991  

6 5.566  5.680  0.980  

7 5.935  6.074  0.977  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. 

(3.32)) 

Remark 
Num. Eq. (3.32) 

1 

1.068 13.44 10130.211  294771.527  3.962 298 2338.919  9.174  7.935  12.365  

1.771  1.546  1.146  

LT-L1 

2 3.198  2.631  1.215  

3 4.048  3.512  1.152  

4 4.685  4.227  1.108  

5 5.214  4.801  1.086  

6 5.668  5.259  1.078  

7 6.049  5.624  1.076  
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Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. 

(3.32)) 

Remark 
Num. Eq. (3.32) 

1 

1.068 13.44 10130.211  294771.527  3.132 298 1461.604  5.733  4.958  12.365  

1.114  1.087  1.026  

LT-L2 

2 1.985  1.849  1.073  

3 2.686  2.468  1.088  

4 3.249  2.971  1.094  

5 3.644  3.375  1.080  

6 3.932  3.697  1.064  

7 4.180  3.953  1.058  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 13.44 9015.006  304936.059  2 298 596.000  2.627  1.955  12.365  

0.456  0.599  0.761  

2 0.833  1.019  0.817  

3 1.162  1.360  0.854  

4 1.455  1.637  0.889  

5 1.709  1.860  0.919  

6 1.928  2.037  0.946  

7 2.120  2.178  0.973  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 13.44 9015.006  304936.059  2 400 800.000  3.526  2.624  16.598  

0.656  0.778  0.843  

2 1.194  1.324  0.902  

3 1.651  1.768  0.934  

4 2.037  2.128  0.958  

5 2.355  2.417  0.974  

6 2.613  2.647  0.987  

7 2.819  2.831  0.996  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 13.44 9015.006 304936.059  5 298 3725.000  16.417  12.216  12.365  

2.840  2.367  1.200  

2 4.404  4.028  1.093  

3 5.524  5.377  1.027  

4 6.433  6.472  0.994  

5 7.206  7.351  0.980  

6 7.883  8.052  0.979  

7 8.496  8.611  0.987  
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Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 13.44 9015.006  304936.059  3.132 400 1961.885  8.647  6.434  16.598  

1.669  1.525  1.094  

2 2.818  2.595  1.086  

3 3.584  3.464  1.035  

4 4.145  4.170  0.994  

5 4.587  4.736  0.969  

6 4.953  5.188  0.955  

7 5.266  5.547  0.949  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 15.00 10436.238  304936.059  3.132 400 1961.885  6.692  5.957  15.326  

1.556  1.260  1.235  

2 2.529  2.144  1.179  

3 3.216  2.863  1.123  

4 3.722  3.445  1.080  

5 4.120  3.914  1.053  

6 4.438  4.287  1.035  

7 4.706  4.584  1.027  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (3.32)) Num. Eq. (3.32) 

1 

1.068 10.00 6159.038  304936.059  3.132 200 980.942  8.505  3.925  10.101  

1.479  1.359  1.089  

2 2.589  2.312  1.120  

3 3.382  3.087  1.096  

4 3.933  3.715  1.059  

5 4.313  4.220  1.022  

6 4.598  4.623  0.995  

7 4.817  4.943  0.975  
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Table B.1.2 Comparisons of predictions and test results and parametric study results of permanent deflection of the grillage under repeated mass impacts 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. 

(4.24)) 

Remark 
Num. Eq. (4.24) 

1 

1.000 9.85 5671.0048 743433.892  2.801 86 337.361  3.020  0.454  0.948  

0.234  0.327  0.713  

G-R-2 

2 0.369  0.478  0.771  

3 0.466  0.583  0.800  

4 0.533  0.659  0.809  

5 0.584  0.714  0.817  

6 0.623  0.755  0.826  

7 0.657  0.785  0.836  

8 0.681  0.808  0.843  

9 0.704  0.826  0.852  

10 0.726  0.840  0.864  

11 0.745  0.851  0.876  

12 0.761  0.860  0.886  

13 0.777  0.867  0.896  

14 0.793  0.872  0.909  

15 0.807  0.877  0.920  

16 0.818  0.881  0.929  

17 0.829  0.885  0.938  

18 0.843  0.887  0.949  

19 0.853  0.890  0.958  

20 0.864  0.892  0.968  

21 0.875  0.894  0.979  

22 0.886  0.896  0.990  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. 
(4.24)) 

Remark 
Num. Eq. (4.24) 

1 

1.000 9.85 5671.005 743433.892 3.132 86 421.805 3.776 0.567 0.948 

0.325 0.408 0.797 

G-R-1 

2 0.516 0.595 0.867 

3 0.656 0.725 0.904 

4 0.757 0.820 0.924 

5 0.834 0.889 0.938 

6 0.897 0.940 0.955 

7 0.947 0.978 0.969 

8 0.990 1.006 0.984 

9 1.026 1.028 0.998 

10 1.060 1.046 1.014 

11 1.087 1.059 1.027 

12 1.115 1.070 1.042 
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13 1.139 1.079 1.056 

14 1.161 1.086 1.070 

15 1.181 1.092 1.081 

16 1.199 1.097 1.093 

17 1.214 1.101 1.103 

18 1.231 1.105 1.115 

19 1.247 1.108 1.125 

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. 

(4.24)) 

Remark 
Num. Eq. (4.24) 

1 

1.000 9.85 6796.226  637065.846  3.132 86 421.805  3.150  0.662  0.948  

0.251  0.445  0.564  

G-L-1 

2 0.392  0.649  0.604  

3 0.486  0.792  0.614  

4 0.553  0.895  0.618  

5 0.601  0.970  0.619  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. 

(4.24)) 

Remark 
Num. Eq. (4.24) 

1 

1.000 9.85 6796.226  637065.846  3.132 160.5 787.206  5.880  1.236  1.770  

0.652  0.825  0.790  

G-L-2 

2 1.026  1.204  0.853  

3 1.293  1.468  0.881  

4 1.475  1.660  0.889  

5 1.619  1.800  0.900  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.005  743433.892  3.132 300 1471.414  13.171  1.979  3.308  

1.526  1.404  1.087  

2 2.315  2.049  1.130  

3 2.773  2.499  1.110  

4 3.077  2.824  1.089  

5 3.299  3.062  1.077  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.0048 743433.892  5 86 1075.000  9.622  1.446  0.948  

1.031  1.019  1.011  

2 1.610  1.487  1.083  

3 1.982  1.814  1.092  

4 2.248  2.051  1.096  

5 2.446  2.223  1.100  
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Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.005  743433.892  4 150 1200.000  10.741  1.614  1.654  

1.170  1.142  1.024  

2 1.809  1.666  1.086  

3 2.208  2.032  1.086  

4 2.467  2.297  1.074  

5 2.646  2.490  1.063  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.005  743433.892  5 150 1875.000  16.783  2.522  1.654  

1.749  1.768  0.989  

2 2.628  2.580  1.019  

3 3.162  3.147  1.005  

4 3.544  3.557  0.996  

5 3.827  3.856  0.992  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.0048 743433.892  4 300 2400.000  21.483  3.228  3.308  

2.228  2.268  0.982  

2 3.300  3.309  0.997  

3 3.985  4.036  0.987  

4 4.491  4.562  0.984  

5 4.896  4.946  0.990  

 

Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.005  743433.892  3.132 500 2452.356  21.951  3.299  5.513  

2.363  2.328  1.015  

2 3.482  3.397  1.025  

3 4.226  4.144  1.020  

4 4.792  4.683  1.023  

5 5.243  5.078  1.033  
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Impact, 
N 

2L 
[m] 

t 
[mm] 

Mp 
[N.m] 

Ep=σTεTVstr 

[N.m] 
V0 

[m/s] 
M 

[kg] 
Ek 

[N.m] 
RE,r 

=Ek/(Mpt/L) 
RE,p 

=1000Ek/Ep 
RM 

=M/(ρVstr) 

w/t Xm 
(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 9.85 5671.005  743433.892  7 86 2107.000  18.860  2.834  0.948  

1.901  1.971  0.964  

2 2.804  2.876  0.975  

3 3.421  3.509  0.975  

4 3.874  3.966  0.977  

5 4.205  4.300  0.978  

 

Impact, 

N 

2L 

[m] 

t 

[mm] 

Mp 

[N.m] 

Ep=σTεTVstr 

[N.m] 

V0 

[m/s] 

M 

[kg] 

Ek 

[N.m] 

RE,r 

=Ek/(Mpt/L) 

RE,p 

=1000Ek/Ep 

RM 

=M/(ρVstr) 

w/t Xm 

(Num./Eq. (4.24)) Num. Eq. (4.24) 

1 

1.000 15 9606.440  743433.892  3.132 300 1471.414  5.106  1.658  2.778  

1.009  1.018  0.991  

2 1.558  1.485  1.049  

3 1.919  1.812  1.059  

4 2.174  2.048  1.062  

5 2.370  2.220  1.068  
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Table B.1.3 Results of parametric study for unstiffened plates under repeated blast loads 

Plate Breadth, b=500 mm, aspect ratio, α=a/b=2 

Thick., t 
[mm] 

8 10 12 14 16 

Impulse, I 

[kNs] 
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 1.0 1.5 2.0 4.0 

Φp [-] 2.79 5.59 8.38 11.18 1.79 3.58 5.36 7.15 1.242 2.48 3.72 4.97 0.912 1.82 2.74 3.65 1.40 2.10 2.79 5.59 

Impact, N wp/t wp/t wp/t wp/t wp/t 

1 1.178 2.708 4.249 5.710 0.715 1.566 2.601 3.539 0.370 1.114 1.681 2.374 0.195 0.760 1.234 1.658 0.481 0.913 1.254 2.647 

2 1.643 3.646 5.489 6.884 1.000 2.249 3.462 4.617 0.609 1.488 2.364 3.151 0.346 1.130 1.710 2.345 0.808 1.289 1.782 3.454 

3 1.951 4.601 6.907 8.998 1.245 2.677 4.275 5.744 0.754 1.825 2.846 3.893 0.470 1.337 2.120 2.797 0.994 1.543 2.184 4.192 

4 2.213 5.307 7.745 9.977 1.404 3.071 4.832 6.514 0.900 2.088 3.239 4.479 0.550 1.512 2.403 3.199 1.137 1.768 2.467 4.773 

5 2.379 5.961 8.593 11.315 1.512 3.481 5.369 7.209 1.002 2.294 3.576 4.949 0.612 1.700 2.629 3.550 1.244 2.000 2.704 5.321 

6 2.598 6.444 9.405 12.281 1.636 3.822 5.841 7.861 1.085 2.456 3.939 5.358 0.674 1.873 2.842 3.870 1.328 2.160 2.920 5.839 

7 2.793 6.904 10.101 13.216 1.781 4.080 6.304 8.472 1.163 2.614 4.234 5.736 0.735 2.035 3.059 4.150 1.409 2.295 3.120 6.347 

8 2.954 7.328 10.713 14.066 1.885 4.334 6.702 9.071 1.236 2.756 4.514 6.088 0.773 2.157 3.248 4.390 1.513 2.397 3.325 6.822 

9 3.125 7.691 11.294 14.876 2.006 4.580 7.093 9.618 1.279 2.905 4.773 6.423 0.806 2.234 3.425 4.615 1.595 2.500 3.502 7.299 

10 3.290 8.074 11.841 15.680 2.066 4.823 7.451 10.140 1.332 3.078 5.009 6.769 0.845 2.323 3.595 4.847 1.671 2.609 3.673 7.754 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



261 

 
Plate Breadth, b=500 mm, aspect ratio, α=a/b=3 

Thick., t 
[mm] 

8 10 12 14 16 

Impulse, I 

[kNs] 
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 1.0 1.5 2.0 4.0 1.0 1.5 2.0 4.0 1.0 1.5 2.0 4.0 

Φp [-] 1.86 3.73 5.59 7.45 1.192 2.38 3.58 4.77 1.66 2.48 3.31 6.62 1.216 1.82 2.43 4.87 0.931 1.40 1.86 3.73 

Impact, N wp/t wp/t wp/t wp/t wp/t 

1 0.697 1.635 2.732 3.831 0.298 1.016 1.593 2.280 0.614 1.077 1.485 3.287 0.338 0.727 1.065 2.325 0.200 0.454 0.759 1.711 

2 1.049 2.265 3.538 4.903 0.474 1.416 2.308 3.036 0.963 1.540 2.152 4.206 0.594 1.122 1.469 3.081 0.358 0.783 1.138 2.431 

3 1.228 2.664 4.484 6.165 0.666 1.716 2.784 3.692 1.185 1.854 2.531 5.233 0.768 1.371 1.858 3.740 0.486 0.988 1.381 2.925 

4 1.415 3.109 5.118 6.981 0.755 1.908 3.193 4.358 1.358 2.137 2.888 5.978 0.918 1.547 2.122 4.297 0.609 1.132 1.613 3.311 

5 1.523 3.493 5.730 7.782 0.850 2.071 3.608 4.886 1.482 2.323 3.213 6.661 1.045 1.701 2.325 4.787 0.685 1.244 1.780 3.672 

6 1.697 3.823 6.246 8.450 0.946 2.243 3.975 5.339 1.590 2.481 3.552 7.240 1.113 1.842 2.518 5.247 0.769 1.367 1.944 3.990 

7 1.787 4.196 6.700 9.042 0.994 2.410 4.279 5.732 1.730 2.681 3.836 7.811 1.209 1.961 2.679 5.677 0.825 1.480 2.103 4.288 

8 1.896 4.490 7.112 9.609 1.033 2.527 4.593 6.093 1.814 2.831 4.072 8.328 1.266 2.104 2.864 6.048 0.882 1.584 2.233 4.569 

9 1.966 4.802 7.497 10.166 1.078 2.660 4.837 6.436 1.902 2.989 4.293 8.863 1.339 2.207 3.012 6.399 0.948 1.661 2.323 4.833 

10 2.008 5.077 7.881 10.676 1.132 2.787 5.054 6.756 1.972 3.177 4.496 9.356 1.406 2.281 3.166 6.746 0.990 1.751 2.426 5.093 

 
Plate Breadth, b=500 mm, aspect ratio, α=a/b=4 

Thick., t 
[mm] 

8 10 12 14 16 

Impulse, I 

[kNs] 
0.5 1.0 1.5 2.0 1.0 1.5 2.0 4.0 1.0 1.5 2.0 4.0 1.0 1.5 2.0 4.0 1.0 1.5 2.0 4.0 

Φp [-] 1.397 2.79 4.19 5.59 1.79 2.68 3.58 7.15 1.242 1.86 2.48 4.97 0.912 1.39 1.82 3.65 0.698 1.05 1.40 2.79 

Impact, N wp/t wp/t wp/t wp/t wp/t 

1 0.417 1.223 1.833 2.738 0.728 1.190 1.610 3.609 0.368 0.723 1.096 2.408 0.186 0.426 0.711 1.670 0.101 0.262 0.445 1.232 

2 0.658 1.693 2.625 3.521 1.005 1.687 2.350 4.608 0.604 1.137 1.567 3.217 0.324 0.746 1.100 2.422 0.190 0.467 0.763 1.801 

3 0.787 1.988 3.112 4.500 1.215 2.036 2.777 5.811 0.760 1.354 1.876 3.970 0.430 0.966 1.343 2.904 0.262 0.635 1.000 2.201 

4 0.880 2.186 3.632 5.188 1.382 2.307 3.130 6.548 0.937 1.533 2.140 4.509 0.547 1.128 1.555 3.273 0.324 0.764 1.152 2.512 

5 1.009 2.403 4.044 5.800 1.551 2.517 3.495 7.266 1.018 1.668 2.326 4.996 0.637 1.245 1.717 3.635 0.370 0.871 1.261 2.778 

6 1.085 2.573 4.491 6.290 1.709 2.681 3.842 7.890 1.129 1.809 2.485 5.461 0.694 1.319 1.876 3.983 0.407 0.959 1.373 3.007 

7 1.127 2.764 4.837 6.734 1.797 2.858 4.122 8.488 1.173 1.958 2.693 5.873 0.765 1.427 2.002 4.248 0.443 1.027 1.483 3.196 

8 1.167 2.911 5.206 7.162 1.915 3.084 4.391 9.021 1.231 2.073 2.828 6.250 0.828 1.499 2.138 4.512 0.481 1.081 1.571 3.401 

9 1.207 3.045 5.541 7.548 1.973 3.234 4.694 9.584 1.321 2.140 2.987 6.604 0.862 1.598 2.266 4.754 0.517 1.155 1.649 3.567 

10 1.254 3.209 5.826 7.904 2.056 3.412 4.891 10.062 1.362 2.223 3.156 6.943 0.890 1.663 2.325 4.994 0.548 1.197 1.740 3.732 
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Table B.1.4 Results of parametric study for 5.4 m × 2.5 m stiffened plates under repeated blast loads 

Plate Length, Ls=5400 mm, Breadth, B=2500 mm 

Plate thick., 
t [mm] 

8 10 12 14 

Equivalent 

thick., te 

[mm] 

11.086 13.086 15.086 17.086 

Impulse, I 

[kNs] 
10 12 14 20 40 12 14 20 40 50 14 20 40 50 60 20 40 50 60 70 

Φps [-] 7.920 9.504 11.088 15.840 31.680 6.821 7.958 11.368 22.736 28.420 5.988 8.554 17.107 21.384 25.661 6.668 13.337 16.671 20.005 23.339 

Impact, N wp/te wp/te wp/te wp/te 

1 1.088 1.560 2.034 3.655 8.545 1.087 1.452 2.534 5.881 7.461 0.924 1.933 4.350 5.641 6.796 1.432 3.207 4.274 5.341 6.407 

2 1.938 2.696 3.339 5.407 14.000 1.988 2.473 3.733 9.105 12.600 1.689 2.886 6.228 8.955 11.417 2.198 4.699 6.163 8.491 10.205 

3 2.536 3.386 4.190 6.993 17.697 2.428 2.962 4.565 12.381 15.674 2.141 3.335 8.767 11.577 14.305 2.534 6.111 8.676 10.916 12.874 

4 2.973 3.959 4.962 8.495 20.869 2.680 3.287 5.384 14.461 18.300 2.428 3.757 10.434 13.542 16.438 2.810 7.489 10.324 12.651 14.738 

5 3.289 4.462 5.610 9.878 23.369 2.861 3.585 6.083 16.396 20.435 2.647 4.146 11.860 15.167 18.596 3.054 8.562 11.529 14.141 16.423 

6 3.563 4.867 6.204 11.057 25.886 3.035 3.888 6.843 17.879 22.324 2.826 4.564 12.960 16.734 20.108 3.288 9.515 12.624 15.345 17.921 

7 3.805 5.273 6.769 12.106 27.875 3.193 4.149 7.580 19.514 23.968 2.993 4.970 13.962 17.962 21.681 3.514 10.377 13.566 16.586 19.200 

8 4.047 5.620 7.327 13.053 29.718 3.355 4.419 8.261 20.571 25.703 3.134 5.345 14.977 19.022 22.868 3.742 11.100 14.407 17.573 20.347 

9 4.265 5.971 7.894 13.878 31.328 3.521 4.654 8.912 21.655 26.907 3.263 5.760 15.888 20.097 24.091 3.965 11.786 15.230 18.564 21.529 

10 4.506 6.319 8.474 14.536 32.853 3.654 4.897 9.452 22.801 28.309 3.379 6.159 16.656 20.995 25.244 4.190 12.373 16.032 19.339 22.601 

te=t+3.086 mm 
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Table B.1.5 Results of parametric study for 5.4 m × 5.0 m stiffened plates under repeated blast loads 

Plate Length, Ls=5400 mm, Breadth, B=5000 mm 

Plate thick., 

t [mm] 
8 10 12 14 

Equivalent 

thick., te 

[mm] 

11.586 13.586 15.586 17.586 

Impulse, I 

[kNs] 
20 24 28 40 80 24 28 40 80 100 28 40 80 100 120 40 80 100 120 140 

Φps [-] 10.255 12.305 14.356 20.509 41.018 8.949 10.441 14.915 29.830 37.288 7.933 11.333 22.666 28.332 33.999 8.902 17.804 22.255 26.706 31.156 

Impact, N wp/te wp/te wp/te wp/te 

1 2.365 3.226 4.090 6.295 15.160 2.391 2.998 4.563 10.349 13.788 2.294 3.607 7.372 10.192 12.623 2.821 5.551 8.009 9.503 11.993 

2 4.372 5.741 7.049 10.703 23.733 4.035 4.808 7.104 16.811 20.960 3.532 5.071 11.829 15.876 18.558 3.928 8.716 12.339 14.699 16.822 

3 5.830 7.489 9.209 14.029 29.680 5.153 6.028 9.393 20.421 26.399 4.336 6.336 14.685 19.312 23.554 4.554 11.223 14.556 18.003 21.468 

4 6.879 8.869 10.936 16.024 34.548 5.866 7.015 11.304 24.096 30.661 4.828 7.577 17.083 22.927 27.278 5.079 12.883 16.970 21.285 24.645 

5 7.764 9.887 12.176 17.787 38.610 6.500 7.935 12.570 27.239 33.766 5.167 8.818 19.637 25.588 29.980 5.625 14.554 19.420 23.463 27.253 

6 8.429 10.785 13.187 19.522 42.041 7.068 8.750 13.585 29.668 36.610 5.518 9.779 21.983 27.520 32.375 6.186 16.207 21.338 25.385 29.623 

7 9.073 11.576 13.951 21.289 44.889 7.546 9.381 14.451 31.722 39.240 5.852 10.629 23.752 29.283 34.779 6.765 17.839 22.667 27.206 31.717 

8 9.638 12.295 14.792 23.090 47.538 7.992 9.967 15.338 33.628 41.658 6.183 11.321 25.177 31.004 37.029 7.449 19.267 23.972 28.830 33.767 

9 10.116 12.925 15.588 24.810 50.104 8.313 10.486 16.221 35.393 43.974 6.484 11.989 26.403 32.775 39.193 8.010 20.310 25.199 30.304 35.941 

10 10.509 13.561 16.391 26.415 52.524 8.655 10.904 17.131 37.158 46.303 6.854 12.555 27.566 34.390 41.471 8.569 21.179 26.413 31.679 38.046 

te=t+3.586 mm 
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Table B.1.6 Results of parametric study for unstiffened aluminium-alloy plates (no HAZ) under repeated impulsive pressure loadings 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.172  0.576  0.908  1.067  1.273  1.304  1.342  0.382  0.984  1.337  1.485  1.713  1.749  1.794  

2 0.242  0.791  1.077  1.182  1.336  1.359  1.387  0.554  1.219  1.448  1.558  1.751  1.783  1.824  

3 0.285  0.909  1.165  1.255  1.381  1.400  1.423  0.665  1.333  1.524  1.620  1.786  1.814  1.851  

4 0.311  0.987  1.223  1.303  1.414  1.430  1.450  0.736  1.406  1.581  1.668  1.814  1.840  1.874  

5 0.327  1.042  1.263  1.336  1.437  1.452  1.471  0.785  1.457  1.623  1.704  1.839  1.862  1.893  

6 0.338  1.084  1.293  1.360  1.455  1.469  1.487  0.821  1.495  1.655  1.732  1.858  1.880  1.909  

7 0.344  1.116  1.313  1.377  1.468  1.482  1.499  0.845  1.524  1.681  1.755  1.874  1.895  1.922  

8 0.349  1.141  1.327  1.389  1.478  1.492  1.509  0.863  1.546  1.701  1.773  1.888  1.907  1.933  

9 0.352  1.159  1.337  1.398  1.486  1.499  1.516  0.876  1.564  1.717  1.788  1.899  1.917  1.942  

10 0.353  1.173  1.345  1.405  1.492  1.505  1.521  0.885  1.579  1.730  1.800  1.908  1.926  1.951  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.879 1.620 2.043 2.230 2.532 2.580 2.640 1.255 2.192 2.687 2.918 3.271 3.326 3.394 

2 1.170  1.813  2.133  2.293  2.562  2.605  2.661  1.567  2.369  2.758  2.955  3.276  3.329  3.397  

3 1.305  1.931  2.207  2.346  2.586  2.626  2.677  1.751  2.485  2.821  2.992  3.284  3.336  3.401  

4 1.396  2.018  2.266  2.390  2.608  2.644  2.691  1.881  2.575  2.873  3.026  3.294  3.343  3.407  

5 1.457  2.086  2.314  2.427  2.626  2.660  2.703  1.991  2.648  2.918  3.056  3.305  3.352  3.415  

6 1.500  2.140  2.354  2.459  2.643  2.674  2.714  2.095  2.707  2.957  3.083  3.317  3.362  3.423  

7 1.532  2.184  2.388  2.486  2.657  2.686  2.724  2.181  2.757  2.991  3.107  3.329  3.373  3.431  

8 1.557  2.222  2.417  2.509  2.670  2.697  2.733  2.249  2.799  3.020  3.130  3.342  3.384  3.441  

9 1.577  2.253  2.442  2.530  2.681  2.707  2.742  2.305  2.836  3.046  3.150  3.355  3.396  3.450  

10 1.595  2.280  2.464  2.548  2.692  2.716  2.749  2.351  2.868  3.070  3.168  3.367  3.407  3.460  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.096  0.422  0.719  0.871  1.082  1.113  1.151  0.240  0.797  1.125  1.265  1.464  1.495  1.537  

2 0.144  0.620  0.886  0.990  1.145  1.168  1.197  0.399  1.033  1.264  1.356  1.510  1.536  1.572  

3 0.174  0.741  0.981  1.065  1.190  1.208  1.232  0.508  1.158  1.339  1.411  1.541  1.565  1.597  

4 0.192  0.821  1.040  1.115  1.222  1.237  1.256  0.587  1.234  1.387  1.448  1.566  1.587  1.616  

5 0.205  0.874  1.082  1.149  1.244  1.258  1.275  0.650  1.284  1.418  1.476  1.585  1.605  1.631  

6 0.213  0.913  1.111  1.173  1.260  1.272  1.288  0.702  1.319  1.440  1.498  1.601  1.619  1.643  

7 0.219  0.943  1.132  1.190  1.272  1.283  1.297  0.744  1.342  1.457  1.515  1.613  1.630  1.654  

8 0.222  0.966  1.147  1.203  1.280  1.291  1.304  0.779  1.359  1.470  1.529  1.623  1.640  1.662  

9 0.226  0.984  1.158  1.212  1.286  1.296  1.309  0.807  1.371  1.480  1.539  1.632  1.647  1.668  

10 0.228  0.998  1.166  1.219  1.291  1.301  1.313  0.829  1.380  1.489  1.548  1.638  1.654  1.673  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.664  1.356  1.705  1.875  2.154  2.198  2.253  1.055  1.833  2.237  2.446  2.775  2.827  2.894  

2 1.008  1.565  1.837  1.977  2.207  2.245  2.294  1.389  2.059  2.374  2.541  2.812  2.855  2.912  

3 1.183  1.684  1.913  2.033  2.241  2.276  2.320  1.569  2.180  2.451  2.597  2.837  2.876  2.926  

4 1.283  1.767  1.972  2.077  2.266  2.298  2.338  1.691  2.270  2.509  2.639  2.857  2.892  2.938  

5 1.342  1.830  2.017  2.112  2.285  2.315  2.353  1.787  2.339  2.556  2.675  2.874  2.906  2.949  

6 1.380  1.879  2.053  2.140  2.301  2.329  2.365  1.864  2.396  2.596  2.706  2.888  2.918  2.957  

7 1.410  1.917  2.083  2.165  2.315  2.341  2.375  1.929  2.444  2.631  2.733  2.900  2.928  2.965  

8 1.433  1.949  2.109  2.186  2.327  2.351  2.383  1.984  2.484  2.661  2.757  2.911  2.937  2.971  

9 1.451  1.975  2.131  2.204  2.337  2.359  2.390  2.031  2.519  2.688  2.778  2.921  2.945  2.977  

10 1.466  1.998  2.150  2.220  2.345  2.367  2.396  2.072  2.549  2.712  2.796  2.929  2.952  2.982  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.078  0.356  0.590  0.727  0.924  0.955  0.994  0.212  0.705  0.992  1.126  1.326  1.391  1.355  

2 0.117  0.547  0.789  0.886  1.028  1.051  1.079  0.347  0.934  1.153  1.245  1.388  1.437  1.410  

3 0.141  0.661  0.882  0.963  1.084  1.103  1.126  0.442  1.061  1.240  1.313  1.426  1.465  1.443  

4 0.159  0.736  0.942  1.014  1.121  1.137  1.157  0.509  1.140  1.293  1.355  1.450  1.485  1.465  

5 0.173  0.786  0.982  1.049  1.147  1.161  1.179  0.560  1.193  1.329  1.384  1.468  1.501  1.482  

6 0.183  0.824  1.011  1.075  1.165  1.178  1.194  0.601  1.230  1.353  1.403  1.481  1.513  1.495  

7 0.191  0.852  1.032  1.094  1.179  1.191  1.205  0.633  1.257  1.370  1.416  1.492  1.522  1.505  

8 0.198  0.874  1.049  1.107  1.188  1.200  1.214  0.660  1.275  1.381  1.426  1.500  1.529  1.513  

9 0.203  0.891  1.061  1.118  1.196  1.207  1.220  0.683  1.288  1.388  1.433  1.507  1.535  1.519  

10 0.207  0.904  1.070  1.126  1.201  1.211  1.224  0.701  1.297  1.394  1.439  1.512  1.540  1.524  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.600  1.263  1.557  1.702  1.944  1.983  2.033  0.970  1.698  2.065  2.242  2.542  2.590  2.650  

2 0.903  1.458  1.680  1.804  2.015  2.048  2.091  1.294  1.901  2.195  2.344  2.596  2.636  2.687  

3 1.077  1.569  1.760  1.865  2.053  2.084  2.123  1.440  2.020  2.273  2.402  2.628  2.665  2.712  

4 1.179  1.647  1.821  1.912  2.081  2.110  2.147  1.538  2.109  2.331  2.448  2.654  2.686  2.730  

5 1.242  1.704  1.866  1.949  2.103  2.130  2.165  1.612  2.175  2.379  2.485  2.674  2.704  2.743  

6 1.281  1.748  1.901  1.978  2.121  2.147  2.180  1.673  2.229  2.418  2.517  2.690  2.718  2.755  

7 1.305  1.784  1.930  2.002  2.136  2.160  2.191  1.723  2.275  2.452  2.543  2.704  2.731  2.764  

8 1.321  1.812  1.953  2.022  2.148  2.171  2.201  1.766  2.312  2.481  2.567  2.716  2.741  2.773  

9 1.332  1.836  1.973  2.039  2.159  2.180  2.209  1.805  2.345  2.507  2.587  2.727  2.750  2.780  

10 1.338  1.856  1.989  2.053  2.168  2.188  2.216  1.841  2.373  2.529  2.605  2.737  2.758  2.786  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.225  0.737  1.080  1.219  1.414  1.442  1.476  0.498  1.178  1.515  1.655  1.875  1.909  1.952  

2 0.316  0.963  1.224  1.321  1.463  1.483  1.509  0.697  1.379  1.594  1.707  1.906  1.938  1.978  

3 0.370  1.071  1.299  1.381  1.497  1.514  1.536  0.809  1.475  1.658  1.756  1.931  1.961  1.999  

4 0.401  1.139  1.344  1.418  1.520  1.536  1.556  0.882  1.534  1.703  1.792  1.952  1.979  2.014  

5 0.420  1.186  1.372  1.442  1.536  1.551  1.569  0.928  1.577  1.738  1.821  1.967  1.993  2.027  

6 0.432  1.220  1.391  1.457  1.547  1.561  1.578  0.958  1.607  1.764  1.844  1.980  2.005  2.037  

7 0.439  1.241  1.402  1.468  1.555  1.568  1.585  0.977  1.630  1.784  1.862  1.991  2.015  2.045  

8 0.443  1.256  1.409  1.475  1.560  1.573  1.590  0.987  1.648  1.800  1.876  2.000  2.023  2.052  

9 0.444  1.267  1.414  1.479  1.564  1.577  1.594  0.992  1.662  1.813  1.887  2.007  2.029  2.059  

10 0.445  1.274  1.418  1.482  1.567  1.580  1.598  0.994  1.672  1.823  1.896  2.013  2.034  2.064  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.037  1.859  2.261  2.456  2.752  2.798  2.857  1.450  2.479  2.982  3.214  3.566  3.619  3.685  

2 1.310  2.032  2.350  2.517  2.778  2.819  2.873  1.760  2.651  3.041  3.238  3.569  3.621  3.686  

3 1.433  2.138  2.416  2.562  2.798  2.835  2.886  1.943  2.756  3.091  3.263  3.575  3.626  3.690  

4 1.509  2.217  2.467  2.599  2.814  2.849  2.896  2.106  2.836  3.134  3.288  3.582  3.632  3.696  

5 1.559  2.280  2.510  2.630  2.829  2.862  2.906  2.241  2.902  3.172  3.312  3.592  3.640  3.702  

6 1.596  2.330  2.544  2.656  2.841  2.872  2.914  2.342  2.957  3.205  3.335  3.603  3.650  3.710  

7 1.627  2.373  2.575  2.680  2.853  2.882  2.921  2.419  3.003  3.236  3.358  3.615  3.661  3.718  

8 1.654  2.407  2.601  2.699  2.863  2.890  2.927  2.483  3.043  3.263  3.379  3.628  3.672  3.728  

9 1.680  2.436  2.622  2.717  2.871  2.897  2.933  2.536  3.076  3.286  3.400  3.641  3.683  3.737  

10 1.701  2.462  2.642  2.732  2.878  2.903  2.938  2.581  3.105  3.308  3.419  3.653  3.694  3.745  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.132  0.540  0.858  0.999  1.200  1.229  1.264  0.328  0.956  1.266  1.391  1.581  1.610  1.648  

2 0.197  0.758  1.010  1.108  1.252  1.273  1.299  0.534  1.189  1.388  1.471  1.617  1.643  1.677  

3 0.236  0.874  1.093  1.172  1.286  1.302  1.324  0.673  1.294  1.451  1.515  1.640  1.663  1.695  

4 0.261  0.945  1.142  1.211  1.309  1.322  1.340  0.770  1.357  1.487  1.543  1.658  1.678  1.707  

5 0.276  0.994  1.174  1.238  1.324  1.335  1.352  0.838  1.395  1.510  1.565  1.671  1.689  1.716  

6 0.284  1.028  1.195  1.255  1.333  1.345  1.360  0.887  1.420  1.524  1.581  1.680  1.698  1.724  

7 0.289  1.053  1.209  1.266  1.341  1.352  1.365  0.918  1.434  1.535  1.592  1.688  1.705  1.730  

8 0.293  1.069  1.219  1.274  1.346  1.356  1.368  0.937  1.444  1.544  1.600  1.694  1.712  1.734  

9 0.296  1.080  1.225  1.279  1.350  1.360  1.371  0.951  1.451  1.551  1.607  1.700  1.717  1.737  

10 0.299  1.087  1.229  1.283  1.353  1.362  1.372  0.960  1.457  1.557  1.613  1.705  1.722  1.740  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.846  1.533  1.874  2.036  2.302  2.345  2.397  1.252  2.078  2.481  2.673  3.000  3.051  3.115  

2 1.193  1.736  2.009  2.143  2.365  2.399  2.446  1.553  2.294  2.606  2.761  3.029  3.072  3.131  

3 1.338  1.845  2.077  2.197  2.397  2.429  2.470  1.742  2.411  2.678  2.813  3.050  3.090  3.143  

4 1.415  1.921  2.128  2.236  2.419  2.449  2.487  1.867  2.494  2.731  2.854  3.066  3.104  3.154  

5 1.459  1.979  2.168  2.267  2.436  2.463  2.500  1.970  2.559  2.773  2.886  3.080  3.116  3.163  

6 1.490  2.021  2.200  2.291  2.449  2.474  2.509  2.051  2.612  2.811  2.914  3.093  3.126  3.170  

7 1.512  2.057  2.227  2.312  2.459  2.483  2.517  2.116  2.656  2.842  2.937  3.103  3.135  3.177  

8 1.531  2.085  2.249  2.330  2.467  2.491  2.522  2.173  2.695  2.870  2.958  3.112  3.142  3.183  

9 1.546  2.109  2.267  2.344  2.474  2.498  2.526  2.223  2.728  2.894  2.977  3.120  3.149  3.188  

10 1.557  2.130  2.283  2.357  2.481  2.503  2.530  2.266  2.756  2.914  2.992  3.127  3.155  3.193  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.107  0.464  0.719  0.851  1.042  1.070  1.106  0.289  0.856  1.141  1.262  1.448  1.474  1.507  

2 0.160  0.672  0.888  0.984  1.129  1.150  1.176  0.459  1.074  1.276  1.360  1.491  1.510  1.534  

3 0.192  0.776  0.975  1.054  1.176  1.192  1.215  0.575  1.190  1.350  1.415  1.518  1.532  1.552  

4 0.216  0.842  1.029  1.099  1.205  1.220  1.238  0.657  1.258  1.393  1.448  1.533  1.546  1.564  

5 0.234  0.887  1.064  1.129  1.224  1.237  1.254  0.714  1.301  1.420  1.468  1.544  1.557  1.573  

6 0.247  0.918  1.087  1.149  1.236  1.248  1.264  0.758  1.329  1.435  1.482  1.553  1.564  1.580  

7 0.257  0.942  1.104  1.162  1.245  1.256  1.272  0.789  1.347  1.445  1.490  1.558  1.569  1.586  

8 0.265  0.961  1.115  1.171  1.251  1.262  1.276  0.810  1.358  1.451  1.495  1.562  1.573  1.591  

9 0.272  0.974  1.124  1.178  1.255  1.266  1.279  0.826  1.365  1.456  1.498  1.565  1.576  1.594  

10 0.277  0.983  1.129  1.182  1.257  1.269  1.282  0.838  1.369  1.459  1.500  1.567  1.578  1.597  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.769  1.435  1.727  1.867  2.096  2.132  2.179  1.151  1.927  2.283  2.459  2.747  2.792  2.847  

2 1.082  1.605  1.838  1.962  2.160  2.193  2.234  1.432  2.119  2.405  2.553  2.795  2.832  2.882  

3 1.230  1.710  1.909  2.015  2.195  2.225  2.263  1.569  2.229  2.478  2.610  2.825  2.860  2.904  

4 1.305  1.781  1.962  2.055  2.220  2.248  2.284  1.671  2.310  2.531  2.650  2.846  2.878  2.919  

5 1.346  1.833  2.001  2.086  2.239  2.265  2.298  1.751  2.373  2.574  2.683  2.863  2.892  2.931  

6 1.371  1.875  2.032  2.110  2.253  2.279  2.310  1.818  2.423  2.611  2.711  2.877  2.903  2.940  

7 1.385  1.906  2.057  2.131  2.265  2.289  2.319  1.874  2.464  2.641  2.734  2.888  2.913  2.948  

8 1.392  1.932  2.076  2.148  2.274  2.297  2.326  1.925  2.500  2.667  2.754  2.898  2.921  2.955  

9 1.397  1.953  2.092  2.161  2.282  2.304  2.331  1.968  2.531  2.690  2.772  2.906  2.929  2.960  

10 1.400  1.970  2.107  2.172  2.288  2.309  2.335  2.006  2.556  2.710  2.788  2.913  2.936  2.965  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.614  1.327  1.500  1.612  1.745  1.766  1.789  1.010  1.795  1.977  2.085  2.265  2.293  2.327  

2 0.718  1.412  1.555  1.644  1.770  1.788  1.811  1.161  1.844  2.051  2.153  2.322  2.347  2.379  

3 0.767  1.431  1.568  1.652  1.777  1.795  1.818  1.183  1.852  2.066  2.168  2.339  2.363  2.395  

4 0.798  1.438  1.574  1.655  1.780  1.798  1.820  1.191  1.854  2.071  2.174  2.345  2.370  2.400  

5 0.821  1.441  1.576  1.656  1.781  1.799  1.820  1.196  1.856  2.073  2.176  2.347  2.372  2.402  

6 0.840  1.442  1.577  1.656  1.780  1.799  1.821  1.202  1.857  2.074  2.178  2.348  2.373  2.403  

7 0.858  1.444  1.577  1.658  1.781  1.799  1.822  1.211  1.859  2.076  2.179  2.349  2.374  2.404  

8 0.876  1.444  1.577  1.658  1.782  1.799  1.822  1.221  1.862  2.077  2.179  2.349  2.375  2.404  

9 0.893  1.444  1.577  1.658  1.782  1.800  1.821  1.228  1.862  2.078  2.179  2.349  2.375  2.404  

10 0.907  1.444  1.578  1.657  1.781  1.800  1.821  1.230  1.862  2.078  2.180  2.349  2.375  2.405  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.580  2.600  3.067  3.257  3.567  3.613  3.671  2.338  3.749  4.199  4.397  4.683  4.725  4.778  

2 1.981  2.875  3.188  3.325  3.588  3.633  3.688  3.039  3.889  4.242  4.422  4.692  4.733  4.785  

3 2.104  2.935  3.223  3.343  3.595  3.639  3.694  3.147  3.916  4.252  4.432  4.698  4.739  4.790  

4 2.168  2.957  3.236  3.351  3.599  3.642  3.696  3.233  3.934  4.259  4.440  4.702  4.743  4.794  

5 2.206  2.968  3.241  3.355  3.600  3.643  3.698  3.296  3.949  4.265  4.447  4.706  4.746  4.796  

6 2.231  2.978  3.246  3.357  3.601  3.644  3.699  3.343  3.961  4.270  4.453  4.708  4.747  4.797  

7 2.255  2.985  3.248  3.359  3.602  3.645  3.699  3.381  3.971  4.275  4.458  4.710  4.749  4.797  

8 2.272  2.987  3.250  3.361  3.603  3.645  3.700  3.407  3.980  4.279  4.461  4.710  4.749  4.797  

9 2.283  2.990  3.251  3.361  3.603  3.646  3.700  3.428  3.987  4.282  4.464  4.711  4.749  4.797  

10 2.293  2.992  3.252  3.362  3.603  3.646  3.701  3.443  3.995  4.286  4.465  4.711  4.749  4.797  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.550  1.047  1.194  1.286  1.420  1.441  1.469  0.880  1.474  1.593  1.682  1.838  1.858  1.883  

2 0.676  1.171  1.295  1.357  1.452  1.467  1.485  1.053  1.597  1.714  1.783  1.890  1.902  1.923  

3 0.701  1.192  1.310  1.367  1.459  1.473  1.489  1.099  1.624  1.734  1.799  1.903  1.914  1.935  

4 0.710  1.199  1.313  1.370  1.461  1.474  1.490  1.115  1.631  1.743  1.804  1.905  1.917  1.937  

5 0.716  1.201  1.312  1.371  1.461  1.474  1.491  1.125  1.634  1.746  1.805  1.905  1.919  1.937  

6 0.721  1.201  1.313  1.372  1.462  1.475  1.491  1.135  1.637  1.747  1.807  1.906  1.919  1.938  

7 0.727  1.201  1.313  1.372  1.462  1.475  1.490  1.145  1.637  1.747  1.808  1.906  1.919  1.939  

8 0.731  1.201  1.314  1.371  1.461  1.476  1.490  1.155  1.637  1.747  1.808  1.907  1.920  1.938  

9 0.733  1.201  1.314  1.371  1.461  1.475  1.491  1.161  1.637  1.748  1.807  1.906  1.920  1.938  

10 0.731  1.202  1.313  1.372  1.462  1.475  1.491  1.164  1.638  1.748  1.808  1.906  1.919  1.939  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.460  2.148  2.364  2.471  2.821  2.869  2.930  1.937  2.940  3.260  3.470  3.824  3.873  3.929  

2 1.647  2.375  2.590  2.689  2.900  2.935  2.978  2.539  3.260  3.489  3.627  3.891  3.933  3.983  

3 1.717  2.443  2.648  2.745  2.928  2.957  2.993  2.670  3.327  3.541  3.672  3.918  3.959  4.008  

4 1.749  2.471  2.671  2.766  2.939  2.963  2.999  2.749  3.362  3.568  3.695  3.934  3.972  4.022  

5 1.763  2.482  2.680  2.772  2.943  2.966  3.001  2.802  3.385  3.586  3.710  3.944  3.981  4.029  

6 1.774  2.489  2.683  2.775  2.944  2.967  3.002  2.845  3.401  3.599  3.720  3.951  3.986  4.034  

7 1.783  2.494  2.685  2.777  2.945  2.967  3.002  2.874  3.414  3.607  3.728  3.955  3.991  4.037  

8 1.790  2.498  2.687  2.777  2.945  2.968  3.002  2.897  3.424  3.613  3.733  3.958  3.994  4.040  

9 1.794  2.500  2.688  2.778  2.945  2.968  3.003  2.916  3.433  3.616  3.737  3.961  3.997  4.042  

10 1.797  2.501  2.688  2.778  2.946  2.968  3.003  2.931  3.438  3.619  3.740  3.963  4.000  4.044  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.454  0.922  1.083  1.173  1.292  1.311  1.331  0.796  1.327  1.471  1.553  1.675  1.694  1.716  

2 0.585  1.023  1.146  1.219  1.313  1.329  1.345  0.921  1.450  1.569  1.635  1.734  1.749  1.767  

3 0.615  1.050  1.160  1.228  1.318  1.333  1.349  0.960  1.475  1.590  1.653  1.746  1.761  1.777  

4 0.625  1.059  1.163  1.230  1.319  1.334  1.350  0.974  1.484  1.598  1.658  1.750  1.764  1.781  

5 0.630  1.062  1.165  1.231  1.320  1.334  1.350  0.984  1.488  1.601  1.660  1.751  1.766  1.781  

6 0.633  1.064  1.166  1.231  1.320  1.334  1.350  0.993  1.490  1.602  1.661  1.751  1.766  1.782  

7 0.636  1.066  1.166  1.231  1.320  1.335  1.350  0.999  1.490  1.602  1.662  1.752  1.766  1.783  

8 0.638  1.066  1.166  1.231  1.320  1.334  1.351  1.004  1.490  1.602  1.662  1.752  1.767  1.783  

9 0.641  1.067  1.166  1.232  1.320  1.334  1.351  1.009  1.491  1.603  1.661  1.752  1.767  1.782  

10 0.643  1.067  1.167  1.231  1.320  1.335  1.350  1.013  1.491  1.602  1.662  1.752  1.766  1.783  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.339  1.998  2.188  2.289  2.462  2.492  2.534  1.670  2.662  2.970  3.109  3.398  3.441  3.493  

2 1.498  2.126  2.336  2.433  2.589  2.614  2.648  2.166  2.950  3.184  3.300  3.493  3.522  3.560  

3 1.549  2.170  2.384  2.479  2.628  2.652  2.682  2.330  3.027  3.239  3.344  3.520  3.547  3.581  

4 1.568  2.190  2.403  2.497  2.643  2.666  2.695  2.408  3.065  3.263  3.362  3.531  3.557  3.589  

5 1.581  2.201  2.411  2.505  2.648  2.671  2.699  2.462  3.089  3.277  3.371  3.537  3.563  3.593  

6 1.588  2.207  2.414  2.508  2.651  2.673  2.701  2.501  3.105  3.286  3.377  3.540  3.566  3.597  

7 1.592  2.212  2.416  2.509  2.651  2.674  2.702  2.529  3.117  3.291  3.380  3.542  3.568  3.599  

8 1.594  2.215  2.417  2.510  2.652  2.674  2.703  2.552  3.124  3.294  3.383  3.544  3.569  3.601  

9 1.596  2.216  2.417  2.510  2.652  2.675  2.703  2.569  3.130  3.297  3.385  3.545  3.570  3.602  

10 1.599  2.218  2.417  2.511  2.652  2.675  2.703  2.582  3.134  3.298  3.386  3.546  3.571  3.603  
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Table B.1.7 Results of parametric study for unstiffened aluminium-alloy plates (with edge HAZ) under repeated impulsive pressure loadings 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.260  0.751  1.093  1.258  1.464  1.495  1.533  0.515  1.152  1.508  1.663  1.902  1.940  1.987  

2 0.363  0.960  1.229  1.341  1.500  1.525  1.556  0.714  1.351  1.595  1.715  1.928  1.963  2.008  

3 0.432  1.067  1.303  1.400  1.533  1.554  1.581  0.832  1.449  1.660  1.762  1.951  1.983  2.025  

4 0.478  1.137  1.353  1.441  1.558  1.576  1.599  0.918  1.516  1.708  1.799  1.970  2.000  2.040  

5 0.510  1.189  1.387  1.470  1.576  1.592  1.613  0.980  1.565  1.746  1.830  1.987  2.015  2.053  

6 0.533  1.227  1.412  1.491  1.589  1.604  1.624  1.023  1.602  1.774  1.854  2.001  2.028  2.064  

7 0.551  1.255  1.430  1.506  1.599  1.613  1.632  1.052  1.631  1.797  1.873  2.012  2.039  2.074  

8 0.564  1.276  1.443  1.518  1.607  1.621  1.638  1.072  1.654  1.816  1.889  2.022  2.048  2.081  

9 0.573  1.291  1.453  1.526  1.613  1.627  1.643  1.084  1.672  1.831  1.902  2.030  2.055  2.088  

10 0.578  1.302  1.461  1.533  1.618  1.631  1.647  1.091  1.687  1.843  1.913  2.037  2.061  2.093  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.016  1.782  2.207  2.406  2.717  2.768  2.831  1.402  2.331  2.843  3.090  3.457  3.512  3.581  

2 1.280  1.945  2.285  2.456  2.737  2.783  2.842  1.692  2.496  2.902  3.112  3.458  3.512  3.580  

3 1.419  2.051  2.348  2.498  2.752  2.796  2.851  1.866  2.601  2.956  3.138  3.463  3.517  3.583  

4 1.504  2.133  2.398  2.533  2.765  2.806  2.859  2.001  2.684  2.999  3.163  3.469  3.522  3.588  

5 1.560  2.196  2.440  2.563  2.777  2.815  2.865  2.120  2.750  3.037  3.186  3.477  3.528  3.593  

6 1.601  2.248  2.475  2.589  2.787  2.822  2.871  2.224  2.806  3.070  3.208  3.485  3.536  3.599  

7 1.637  2.291  2.506  2.611  2.797  2.829  2.875  2.306  2.852  3.099  3.228  3.494  3.543  3.605  

8 1.667  2.327  2.532  2.631  2.805  2.836  2.880  2.369  2.892  3.125  3.247  3.505  3.552  3.611  

9 1.695  2.358  2.554  2.648  2.812  2.842  2.883  2.421  2.927  3.148  3.264  3.515  3.560  3.618  

10 1.719  2.385  2.574  2.663  2.819  2.847  2.887  2.466  2.957  3.169  3.281  3.524  3.569  3.625  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.158  0.574  0.885  1.047  1.258  1.290  1.328  0.339  0.951  1.277  1.424  1.639  1.671  1.713  

2 0.235  0.768  1.031  1.144  1.306  1.331  1.361  0.529  1.166  1.398  1.505  1.675  1.703  1.741  

3 0.283  0.885  1.113  1.206  1.340  1.361  1.386  0.657  1.275  1.468  1.556  1.698  1.723  1.759  

4 0.312  0.960  1.167  1.251  1.366  1.383  1.404  0.756  1.346  1.515  1.591  1.715  1.739  1.771  

5 0.331  1.014  1.205  1.282  1.385  1.400  1.419  0.830  1.394  1.549  1.618  1.729  1.751  1.781  

6 0.345  1.052  1.232  1.305  1.399  1.413  1.430  0.884  1.428  1.572  1.637  1.740  1.760  1.788  

7 0.355  1.081  1.252  1.322  1.409  1.423  1.438  0.923  1.453  1.590  1.652  1.748  1.767  1.794  

8 0.363  1.102  1.266  1.334  1.418  1.430  1.444  0.952  1.471  1.603  1.663  1.755  1.773  1.799  

9 0.368  1.118  1.277  1.344  1.424  1.436  1.449  0.973  1.484  1.613  1.673  1.761  1.778  1.803  

10 0.372  1.130  1.285  1.351  1.429  1.440  1.453  0.990  1.494  1.621  1.680  1.766  1.782  1.807  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.781  1.518  1.862  2.032  2.322  2.366  2.423  1.172  1.976  2.400  2.602  2.943  2.997  3.063  

2 1.110  1.702  1.972  2.119  2.365  2.404  2.454  1.506  2.182  2.517  2.685  2.964  3.011  3.071  

3 1.272  1.810  2.040  2.169  2.392  2.428  2.474  1.681  2.296  2.585  2.733  2.980  3.022  3.077  

4 1.369  1.886  2.090  2.207  2.411  2.445  2.488  1.804  2.380  2.635  2.769  2.993  3.032  3.084  

5 1.432  1.943  2.130  2.237  2.426  2.457  2.498  1.899  2.447  2.677  2.798  3.005  3.041  3.090  

6 1.474  1.987  2.163  2.262  2.438  2.467  2.506  1.977  2.500  2.713  2.824  3.015  3.048  3.095  

7 1.506  2.024  2.191  2.282  2.448  2.476  2.512  2.039  2.545  2.744  2.847  3.023  3.055  3.099  

8 1.529  2.054  2.214  2.300  2.456  2.482  2.518  2.093  2.584  2.771  2.866  3.031  3.061  3.103  

9 1.548  2.080  2.234  2.316  2.463  2.488  2.522  2.144  2.617  2.795  2.884  3.038  3.067  3.107  

10 1.564  2.101  2.252  2.330  2.469  2.493  2.525  2.187  2.646  2.816  2.899  3.044  3.072  3.110  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.146  0.502  0.762  0.908  1.110  1.141  1.180  0.307  0.864  1.158  1.294  1.496  1.526  1.562  

2 0.212  0.696  0.931  1.030  1.185  1.209  1.238  0.471  1.066  1.288  1.389  1.544  1.569  1.598  

3 0.255  0.798  1.016  1.100  1.230  1.250  1.275  0.577  1.180  1.366  1.449  1.576  1.596  1.621  

4 0.284  0.867  1.071  1.148  1.261  1.279  1.300  0.657  1.253  1.416  1.489  1.596  1.613  1.635  

5 0.305  0.917  1.110  1.181  1.284  1.299  1.318  0.719  1.304  1.451  1.517  1.611  1.625  1.646  

6 0.320  0.954  1.138  1.206  1.300  1.314  1.331  0.767  1.340  1.476  1.537  1.621  1.635  1.655  

7 0.330  0.983  1.159  1.224  1.312  1.325  1.341  0.805  1.365  1.494  1.551  1.629  1.643  1.662  

8 0.339  1.006  1.173  1.237  1.321  1.333  1.348  0.835  1.383  1.506  1.562  1.636  1.649  1.667  

9 0.346  1.023  1.184  1.247  1.328  1.339  1.353  0.857  1.396  1.516  1.569  1.641  1.653  1.670  

10 0.351  1.036  1.193  1.254  1.333  1.344  1.357  0.874  1.406  1.524  1.575  1.645  1.657  1.673  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.720  1.413  1.718  1.869  2.123  2.163  2.214  1.077  1.851  2.225  2.410  2.709  2.756  2.817  

2 1.006  1.588  1.822  1.951  2.179  2.213  2.258  1.391  2.026  2.337  2.493  2.749  2.791  2.843  

3 1.165  1.693  1.890  2.002  2.208  2.241  2.282  1.544  2.136  2.405  2.543  2.774  2.812  2.860  

4 1.258  1.765  1.941  2.041  2.231  2.261  2.300  1.645  2.216  2.458  2.582  2.793  2.828  2.871  

5 1.317  1.818  1.980  2.071  2.248  2.276  2.313  1.721  2.280  2.500  2.613  2.808  2.840  2.881  

6 1.356  1.860  2.011  2.096  2.262  2.289  2.324  1.783  2.331  2.536  2.640  2.820  2.849  2.888  

7 1.383  1.893  2.037  2.117  2.273  2.299  2.332  1.837  2.375  2.566  2.663  2.830  2.857  2.894  

8 1.402  1.919  2.058  2.134  2.282  2.307  2.339  1.884  2.412  2.593  2.683  2.839  2.864  2.899  

9 1.415  1.942  2.077  2.149  2.290  2.314  2.344  1.926  2.444  2.616  2.700  2.846  2.870  2.903  

10 1.424  1.960  2.092  2.161  2.296  2.320  2.349  1.964  2.472  2.635  2.715  2.852  2.875  2.906  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.346  0.929  1.278  1.423  1.625  1.654  1.690  0.667  1.359  1.712  1.859  2.096  2.132  2.178  

2 0.478  1.140  1.384  1.489  1.647  1.673  1.705  0.867  1.522  1.772  1.897  2.116  2.150  2.194  

3 0.560  1.233  1.443  1.537  1.669  1.691  1.719  0.988  1.608  1.826  1.932  2.132  2.165  2.207  

4 0.614  1.292  1.481  1.568  1.686  1.705  1.731  1.061  1.665  1.863  1.960  2.144  2.176  2.216  

5 0.647  1.332  1.504  1.589  1.698  1.716  1.739  1.107  1.707  1.891  1.982  2.154  2.185  2.224  

6 0.668  1.360  1.519  1.603  1.707  1.724  1.745  1.131  1.738  1.914  2.000  2.163  2.192  2.230  

7 0.683  1.379  1.530  1.614  1.714  1.730  1.751  1.145  1.762  1.931  2.014  2.170  2.199  2.235  

8 0.692  1.391  1.539  1.621  1.719  1.735  1.755  1.152  1.780  1.945  2.024  2.176  2.204  2.239  

9 0.699  1.400  1.545  1.627  1.723  1.738  1.758  1.155  1.795  1.957  2.032  2.181  2.207  2.242  

10 0.702  1.407  1.550  1.632  1.726  1.741  1.761  1.156  1.807  1.966  2.039  2.185  2.211  2.245  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.195  2.046  2.462  2.660  2.973  3.022  3.083  1.628  2.656  3.179  3.424  3.775  3.827  3.893  

2 1.444  2.198  2.536  2.706  2.986  3.031  3.090  1.900  2.811  3.220  3.436  3.776  3.828  3.893  

3 1.566  2.292  2.588  2.740  2.996  3.039  3.095  2.104  2.902  3.258  3.449  3.781  3.832  3.895  

4 1.640  2.363  2.631  2.767  3.004  3.046  3.100  2.268  2.974  3.291  3.464  3.786  3.836  3.898  

5 1.696  2.420  2.665  2.791  3.011  3.051  3.104  2.394  3.033  3.320  3.482  3.792  3.840  3.901  

6 1.741  2.467  2.695  2.810  3.017  3.055  3.107  2.485  3.082  3.347  3.502  3.799  3.846  3.905  

7 1.779  2.506  2.719  2.828  3.022  3.059  3.109  2.558  3.123  3.373  3.521  3.806  3.852  3.909  

8 1.812  2.538  2.741  2.843  3.027  3.063  3.111  2.617  3.159  3.396  3.539  3.814  3.858  3.913  

9 1.841  2.566  2.760  2.857  3.031  3.066  3.113  2.669  3.190  3.418  3.557  3.823  3.864  3.917  

10 1.868  2.589  2.777  2.868  3.035  3.068  3.115  2.711  3.217  3.438  3.574  3.831  3.871  3.922  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.216  0.710  1.042  1.183  1.388  1.417  1.454  0.464  1.108  1.441  1.574  1.784  1.815  1.853  

2 0.319  0.910  1.168  1.268  1.424  1.446  1.474  0.694  1.314  1.546  1.647  1.813  1.842  1.879  

3 0.381  1.027  1.235  1.320  1.447  1.466  1.489  0.837  1.412  1.607  1.689  1.828  1.856  1.891  

4 0.419  1.094  1.278  1.354  1.465  1.480  1.500  0.926  1.472  1.647  1.718  1.840  1.865  1.899  

5 0.444  1.139  1.308  1.379  1.477  1.491  1.509  0.986  1.513  1.675  1.739  1.849  1.872  1.905  

6 0.461  1.170  1.327  1.395  1.486  1.499  1.516  1.025  1.540  1.696  1.755  1.855  1.876  1.909  

7 0.474  1.191  1.340  1.406  1.493  1.505  1.522  1.051  1.560  1.710  1.766  1.860  1.880  1.912  

8 0.482  1.206  1.350  1.413  1.498  1.510  1.526  1.069  1.575  1.721  1.775  1.864  1.883  1.915  

9 0.489  1.217  1.358  1.419  1.502  1.514  1.529  1.081  1.586  1.729  1.781  1.867  1.885  1.917  

10 0.493  1.224  1.363  1.423  1.505  1.517  1.531  1.088  1.594  1.735  1.786  1.869  1.887  1.918  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.959  1.728  2.060  2.226  2.507  2.553  2.610  1.404  2.247  2.663  2.855  3.205  3.256  3.319  

2 1.282  1.898  2.171  2.316  2.550  2.588  2.637  1.709  2.445  2.773  2.930  3.220  3.271  3.332  

3 1.433  1.993  2.232  2.361  2.573  2.608  2.652  1.891  2.552  2.834  2.973  3.234  3.282  3.343  

4 1.519  2.060  2.276  2.394  2.589  2.622  2.662  2.021  2.628  2.878  3.005  3.245  3.291  3.352  

5 1.572  2.110  2.311  2.420  2.601  2.631  2.669  2.114  2.687  2.916  3.029  3.255  3.299  3.359  

6 1.607  2.152  2.340  2.440  2.610  2.638  2.675  2.198  2.738  2.946  3.050  3.262  3.306  3.365  

7 1.634  2.184  2.363  2.457  2.617  2.644  2.679  2.266  2.778  2.973  3.070  3.269  3.312  3.370  

8 1.654  2.212  2.382  2.472  2.622  2.648  2.682  2.324  2.814  2.997  3.086  3.276  3.317  3.374  

9 1.668  2.236  2.400  2.484  2.626  2.652  2.684  2.373  2.845  3.017  3.100  3.281  3.322  3.378  

10 1.681  2.256  2.415  2.495  2.630  2.655  2.686  2.413  2.871  3.035  3.112  3.287  3.326  3.382  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.199  0.623  0.922  1.050  1.241  1.269  1.305  0.418  1.017  1.320  1.442  1.636  1.666  1.701  

2 0.286  0.814  1.055  1.150  1.296  1.320  1.346  0.601  1.211  1.424  1.518  1.671  1.696  1.725  

3 0.339  0.915  1.128  1.209  1.332  1.351  1.373  0.728  1.312  1.489  1.568  1.693  1.714  1.739  

4 0.372  0.983  1.175  1.249  1.355  1.372  1.391  0.811  1.377  1.533  1.602  1.708  1.727  1.749  

5 0.394  1.029  1.206  1.275  1.371  1.385  1.402  0.867  1.419  1.561  1.624  1.719  1.736  1.755  

6 0.408  1.063  1.228  1.293  1.382  1.395  1.410  0.903  1.447  1.582  1.640  1.727  1.742  1.759  

7 0.417  1.085  1.242  1.306  1.389  1.401  1.416  0.929  1.466  1.596  1.652  1.734  1.747  1.762  

8 0.424  1.101  1.252  1.315  1.393  1.405  1.421  0.948  1.480  1.605  1.661  1.738  1.749  1.764  

9 0.429  1.113  1.258  1.320  1.397  1.408  1.424  0.961  1.490  1.612  1.667  1.742  1.752  1.765  

10 0.434  1.121  1.262  1.324  1.399  1.411  1.426  0.970  1.497  1.617  1.672  1.744  1.753  1.767  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.885  1.615  1.916  2.066  2.304  2.341  2.389  1.274  2.107  2.474  2.649  2.941  2.986  3.044  

2 1.169  1.770  2.007  2.139  2.353  2.385  2.427  1.575  2.275  2.577  2.725  2.976  3.017  3.067  

3 1.306  1.865  2.065  2.182  2.378  2.408  2.448  1.728  2.373  2.638  2.771  2.998  3.033  3.080  

4 1.387  1.929  2.107  2.214  2.395  2.423  2.462  1.827  2.446  2.684  2.805  3.012  3.046  3.088  

5 1.436  1.978  2.141  2.239  2.407  2.434  2.471  1.909  2.504  2.722  2.831  3.022  3.055  3.094  

6 1.467  2.013  2.167  2.258  2.416  2.441  2.478  1.979  2.553  2.753  2.852  3.031  3.062  3.099  

7 1.488  2.042  2.187  2.273  2.424  2.448  2.483  2.040  2.592  2.779  2.872  3.038  3.068  3.103  

8 1.503  2.066  2.205  2.287  2.429  2.453  2.487  2.092  2.627  2.803  2.889  3.045  3.073  3.106  

9 1.513  2.084  2.221  2.298  2.433  2.457  2.490  2.134  2.656  2.824  2.904  3.050  3.077  3.108  

10 1.519  2.099  2.234  2.308  2.436  2.460  2.492  2.172  2.681  2.841  2.917  3.055  3.081  3.110  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.835  1.603  1.821  1.972  2.139  2.165  2.195  1.243  2.166  2.387  2.542  2.761  2.797  2.845  

2 0.977  1.668  1.866  1.992  2.155  2.179  2.210  1.416  2.235  2.451  2.572  2.769  2.803  2.850  

3 1.029  1.686  1.879  2.000  2.160  2.184  2.213  1.458  2.252  2.461  2.579  2.771  2.805  2.852  

4 1.059  1.693  1.883  2.003  2.162  2.186  2.215  1.470  2.257  2.463  2.581  2.772  2.806  2.853  

5 1.079  1.696  1.884  2.004  2.162  2.186  2.216  1.478  2.258  2.463  2.581  2.772  2.806  2.854  

6 1.099  1.697  1.884  2.004  2.163  2.186  2.216  1.481  2.259  2.464  2.582  2.773  2.807  2.854  

7 1.118  1.698  1.885  2.004  2.163  2.186  2.216  1.480  2.261  2.465  2.582  2.773  2.807  2.854  

8 1.136  1.699  1.885  2.005  2.163  2.187  2.216  1.476  2.262  2.465  2.582  2.773  2.807  2.854  

9 1.152  1.700  1.885  2.005  2.163  2.186  2.216  1.474  2.262  2.465  2.583  2.774  2.807  2.854  

10 1.164  1.700  1.885  2.005  2.163  2.186  2.216  1.474  2.263  2.466  2.583  2.773  2.808  2.854  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 2.127  3.213  3.570  3.784  4.060  4.100  4.149  2.943  4.151  4.616  4.803  5.075  5.117  5.171  

2 2.439  3.301  3.610  3.799  4.069  4.108  4.156  3.303  4.228  4.633  4.814  5.082  5.124  5.177  

3 2.567  3.326  3.615  3.804  4.072  4.111  4.159  3.417  4.234  4.642  4.821  5.084  5.125  5.177  

4 2.644  3.337  3.616  3.805  4.073  4.112  4.161  3.494  4.241  4.649  4.824  5.084  5.123  5.175  

5 2.692  3.346  3.616  3.805  4.074  4.113  4.161  3.551  4.246  4.653  4.825  5.082  5.121  5.173  

6 2.724  3.352  3.617  3.806  4.074  4.113  4.162  3.591  4.252  4.655  4.825  5.080  5.120  5.171  

7 2.744  3.356  3.618  3.807  4.075  4.114  4.162  3.622  4.257  4.658  4.825  5.079  5.118  5.170  

8 2.759  3.360  3.619  3.807  4.075  4.114  4.163  3.649  4.262  4.660  4.825  5.078  5.117  5.168  

9 2.771  3.362  3.619  3.808  4.076  4.115  4.163  3.669  4.268  4.662  4.824  5.077  5.116  5.167  

10 2.780  3.364  3.621  3.808  4.076  4.115  4.163  3.686  4.272  4.664  4.823  5.077  5.116  5.166  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.759  1.263  1.420  1.552  1.704  1.728  1.761  1.022  1.766  1.951  2.060  2.243  2.269  2.302  

2 0.857  1.377  1.507  1.612  1.742  1.760  1.788  1.188  1.890  2.066  2.159  2.299  2.320  2.347  

3 0.904  1.402  1.522  1.621  1.748  1.767  1.793  1.241  1.924  2.097  2.182  2.312  2.330  2.355  

4 0.933  1.409  1.528  1.623  1.749  1.770  1.793  1.264  1.936  2.108  2.189  2.317  2.334  2.358  

5 0.954  1.413  1.530  1.623  1.749  1.771  1.794  1.279  1.941  2.112  2.193  2.318  2.334  2.360  

6 0.968  1.415  1.529  1.625  1.749  1.770  1.795  1.295  1.943  2.114  2.195  2.320  2.335  2.361  

7 0.979  1.415  1.529  1.627  1.750  1.770  1.795  1.312  1.945  2.116  2.196  2.320  2.336  2.360  

8 0.988  1.414  1.531  1.626  1.751  1.771  1.794  1.326  1.948  2.117  2.195  2.320  2.336  2.361  

9 0.998  1.414  1.532  1.625  1.749  1.772  1.794  1.336  1.948  2.117  2.197  2.320  2.335  2.362  

10 1.009  1.415  1.532  1.626  1.749  1.771  1.795  1.345  1.948  2.117  2.197  2.321  2.336  2.361  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.790  2.650  2.935  3.046  3.290  3.321  3.360  2.499  3.423  3.788  3.934  4.190  4.233  4.293  

2 2.064  2.774  3.005  3.110  3.302  3.332  3.367  2.853  3.588  3.875  4.018  4.248  4.283  4.334  

3 2.189  2.813  3.029  3.123  3.306  3.333  3.368  2.982  3.627  3.897  4.044  4.267  4.303  4.347  

4 2.256  2.831  3.037  3.125  3.306  3.334  3.368  3.058  3.648  3.910  4.057  4.276  4.311  4.353  

5 2.307  2.843  3.041  3.128  3.306  3.334  3.368  3.115  3.662  3.917  4.064  4.282  4.316  4.357  

6 2.341  2.853  3.045  3.128  3.307  3.334  3.369  3.153  3.675  3.922  4.068  4.285  4.318  4.359  

7 2.369  2.860  3.047  3.129  3.306  3.335  3.368  3.184  3.685  3.925  4.072  4.287  4.320  4.360  

8 2.387  2.864  3.047  3.130  3.307  3.334  3.369  3.207  3.693  3.928  4.074  4.289  4.322  4.361  

9 2.403  2.868  3.049  3.129  3.307  3.335  3.369  3.223  3.700  3.929  4.076  4.290  4.323  4.362  

10 2.418  2.872  3.049  3.130  3.307  3.335  3.369  3.235  3.705  3.931  4.079  4.291  4.323  4.363  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.660  1.155  1.331  1.437  1.559  1.578  1.605  0.883  1.590  1.799  1.895  2.050  2.074  2.105  

2 0.744  1.242  1.376  1.460  1.576  1.594  1.619  1.020  1.701  1.883  1.970  2.099  2.122  2.145  

3 0.774  1.264  1.386  1.466  1.579  1.596  1.621  1.075  1.730  1.906  1.989  2.112  2.134  2.156  

4 0.796  1.271  1.389  1.467  1.579  1.597  1.621  1.110  1.743  1.914  1.996  2.117  2.137  2.160  

5 0.812  1.274  1.390  1.469  1.579  1.597  1.621  1.134  1.747  1.917  1.998  2.118  2.138  2.161  

6 0.825  1.274  1.391  1.470  1.580  1.597  1.621  1.152  1.749  1.918  2.000  2.119  2.139  2.161  

7 0.835  1.275  1.392  1.470  1.580  1.598  1.621  1.167  1.751  1.920  2.001  2.120  2.139  2.162  

8 0.843  1.276  1.392  1.469  1.579  1.598  1.621  1.179  1.752  1.920  2.001  2.120  2.139  2.162  

9 0.850  1.277  1.392  1.470  1.579  1.597  1.621  1.190  1.752  1.920  2.001  2.120  2.139  2.162  

10 0.857  1.276  1.392  1.471  1.580  1.597  1.622  1.199  1.752  1.921  2.002  2.121  2.139  2.162  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.568  2.437  2.689  2.794  2.994  3.028  3.070  2.242  3.197  3.487  3.632  3.878  3.916  3.963  

2 1.837  2.558  2.763  2.859  3.025  3.055  3.092  2.612  3.332  3.567  3.685  3.897  3.931  3.975  

3 1.935  2.595  2.783  2.874  3.033  3.060  3.097  2.741  3.371  3.587  3.698  3.902  3.937  3.979  

4 1.983  2.610  2.790  2.880  3.036  3.062  3.098  2.815  3.392  3.597  3.703  3.905  3.939  3.981  

5 2.015  2.619  2.794  2.883  3.036  3.062  3.098  2.863  3.405  3.602  3.707  3.907  3.940  3.982  

6 2.033  2.625  2.796  2.884  3.037  3.062  3.099  2.898  3.415  3.606  3.708  3.908  3.941  3.983  

7 2.047  2.629  2.797  2.885  3.036  3.063  3.098  2.922  3.421  3.609  3.710  3.909  3.942  3.983  

8 2.059  2.633  2.798  2.885  3.037  3.063  3.099  2.941  3.426  3.611  3.711  3.910  3.942  3.984  

9 2.069  2.637  2.799  2.885  3.037  3.063  3.098  2.954  3.430  3.612  3.713  3.910  3.943  3.984  

10 2.076  2.639  2.799  2.886  3.037  3.063  3.099  2.965  3.433  3.613  3.713  3.911  3.944  3.985  
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Table B.1.8 Results of parametric study for unstiffened aluminium-alloy plates (with centre HAZ) under repeated impulsive pressure loadings 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.257  0.784  1.146  1.312  1.528  1.560  1.600  0.528  1.214  1.591  1.748  1.991  2.029  2.077  

2 0.383  0.983  1.264  1.389  1.554  1.586  1.618  0.741  1.407  1.667  1.800  2.017  2.049  2.096  

3 0.446  1.086  1.334  1.444  1.584  1.607  1.640  0.845  1.506  1.727  1.846  2.039  2.069  2.115  

4 0.479  1.158  1.383  1.486  1.606  1.630  1.654  0.919  1.579  1.774  1.885  2.058  2.088  2.130  

5 0.505  1.209  1.420  1.511  1.628  1.644  1.670  0.966  1.632  1.814  1.912  2.076  2.106  2.144  

6 0.521  1.244  1.449  1.535  1.640  1.658  1.684  1.010  1.669  1.848  1.939  2.093  2.118  2.157  

7 0.526  1.278  1.468  1.550  1.651  1.672  1.694  1.028  1.701  1.870  1.954  2.104  2.129  2.168  

8 0.524  1.298  1.479  1.561  1.662  1.683  1.701  1.047  1.724  1.890  1.970  2.114  2.140  2.176  

9 0.520  1.313  1.491  1.572  1.673  1.689  1.707  1.065  1.746  1.910  1.987  2.123  2.150  2.181  

10 0.513  1.329  1.504  1.582  1.681  1.694  1.713  1.072  1.762  1.923  1.999  2.131  2.159  2.187  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=2; Tn,a=1.415 ms; Pc=0.769 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.055  1.869  2.292  2.496  2.826  2.879  2.944  1.485  2.453  2.946  3.194  3.572  3.629  3.699  

2 1.323  2.021  2.371  2.543  2.838  2.886  2.950  1.768  2.594  3.001  3.215  3.580  3.634  3.701  

3 1.471  2.120  2.425  2.578  2.848  2.893  2.955  1.937  2.689  3.043  3.231  3.586  3.640  3.707  

4 1.560  2.199  2.468  2.608  2.855  2.900  2.958  2.091  2.756  3.079  3.253  3.593  3.646  3.711  

5 1.619  2.260  2.505  2.636  2.863  2.906  2.962  2.212  2.813  3.113  3.271  3.601  3.652  3.715  

6 1.665  2.313  2.539  2.657  2.872  2.910  2.966  2.289  2.868  3.137  3.294  3.609  3.658  3.720  

7 1.696  2.355  2.565  2.678  2.879  2.913  2.969  2.352  2.912  3.163  3.311  3.616  3.664  3.724  

8 1.727  2.388  2.589  2.698  2.883  2.918  2.970  2.405  2.944  3.190  3.328  3.623  3.672  3.727  

9 1.751  2.419  2.613  2.711  2.886  2.923  2.971  2.456  2.978  3.206  3.347  3.630  3.678  3.730  

10 1.778  2.446  2.629  2.723  2.889  2.928  2.972  2.498  3.009  3.225  3.366  3.638  3.683  3.734  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.179  0.639  0.953  1.101  1.258  1.341  1.382  0.381  1.025  1.342  1.480  1.693  1.725  1.767  

2 0.297  0.861  1.077  1.182  1.306  1.369  1.404  0.631  1.207  1.441  1.558  1.727  1.765  1.797  

3 0.367  0.976  1.147  1.233  1.340  1.391  1.422  0.783  1.310  1.501  1.604  1.754  1.782  1.818  

4 0.409  1.041  1.195  1.274  1.366  1.411  1.434  0.873  1.386  1.543  1.637  1.770  1.799  1.829  

5 0.444  1.086  1.230  1.300  1.385  1.422  1.447  0.931  1.439  1.583  1.662  1.787  1.807  1.840  

6 0.474  1.109  1.255  1.326  1.399  1.434  1.457  0.958  1.473  1.606  1.681  1.797  1.815  1.851  

7 0.492  1.128  1.269  1.339  1.409  1.446  1.462  0.977  1.501  1.631  1.703  1.802  1.824  1.857  

8 0.500  1.150  1.284  1.349  1.418  1.454  1.465  0.996  1.519  1.648  1.717  1.808  1.835  1.860  

9 0.502  1.164  1.300  1.358  1.424  1.459  1.467  1.012  1.536  1.658  1.724  1.816  1.844  1.861  

10 0.504  1.170  1.312  1.369  1.429  1.461  1.470  1.020  1.553  1.667  1.729  1.825  1.850  1.862  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=3; Tn,a=1.501 ms; Pc=0.638 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.885  1.581  1.929  2.095  2.405  2.457  2.519  1.233  2.037  2.490  2.686  3.053  3.110  3.177  

2 1.180  1.772  2.043  2.187  2.436  2.483  2.540  1.553  2.244  2.601  2.773  3.080  3.121  3.189  

3 1.328  1.880  2.104  2.235  2.461  2.501  2.550  1.752  2.344  2.658  2.813  3.094  3.138  3.205  

4 1.433  1.951  2.154  2.273  2.476  2.517  2.558  1.874  2.417  2.700  2.846  3.108  3.147  3.216  

5 1.496  2.005  2.197  2.297  2.492  2.526  2.567  1.972  2.474  2.743  2.870  3.118  3.156  3.223  

6 1.548  2.054  2.223  2.322  2.503  2.532  2.575  2.032  2.523  2.771  2.896  3.125  3.164  3.227  

7 1.575  2.090  2.254  2.344  2.511  2.538  2.579  2.086  2.574  2.800  2.912  3.132  3.169  3.231  

8 1.609  2.122  2.275  2.357  2.515  2.546  2.581  2.149  2.607  2.828  2.925  3.139  3.173  3.235  

9 1.632  2.144  2.291  2.368  2.520  2.552  2.583  2.194  2.645  2.844  2.938  3.146  3.176  3.239  

10 1.645  2.169  2.311  2.383  2.525  2.558  2.584  2.236  2.669  2.862  2.953  3.150  3.179  3.242  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.136  0.559  0.829  0.965  1.159  1.188  1.225  0.334  0.947  1.218  1.349  1.553  1.582  1.618  

2 0.221  0.785  0.978  1.068  1.211  1.244  1.265  0.558  1.121  1.333  1.424  1.597  1.614  1.653  

3 0.289  0.900  1.059  1.131  1.251  1.275  1.293  0.698  1.217  1.403  1.477  1.621  1.639  1.674  

4 0.344  0.968  1.110  1.174  1.274  1.298  1.317  0.793  1.287  1.453  1.516  1.643  1.658  1.689  

5 0.377  1.011  1.140  1.197  1.295  1.317  1.330  0.864  1.334  1.486  1.542  1.657  1.671  1.703  

6 0.394  1.037  1.167  1.217  1.313  1.327  1.340  0.898  1.373  1.510  1.567  1.667  1.685  1.709  

7 0.404  1.054  1.179  1.237  1.321  1.334  1.352  0.928  1.400  1.523  1.580  1.678  1.699  1.713  

8 0.411  1.072  1.187  1.248  1.326  1.341  1.361  0.952  1.424  1.538  1.590  1.689  1.706  1.716  

9 0.416  1.088  1.195  1.254  1.331  1.347  1.367  0.967  1.437  1.554  1.600  1.699  1.708  1.718  

10 0.418  1.097  1.204  1.258  1.336  1.355  1.369  0.975  1.446  1.566  1.611  1.704  1.710  1.721  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.55; aspect ratio, α=a/b=4; Tn,a=1.528 ms; Pc=0.580 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.799  1.480  1.795  1.947  2.198  2.239  2.292  1.155  1.919  2.307  2.486  2.794  2.843  2.904  

2 1.095  1.636  1.897  2.025  2.250  2.283  2.336  1.464  2.098  2.427  2.575  2.839  2.870  2.928  

3 1.230  1.748  1.959  2.075  2.275  2.311  2.353  1.619  2.201  2.488  2.623  2.859  2.897  2.947  

4 1.317  1.819  2.009  2.115  2.295  2.330  2.369  1.726  2.273  2.541  2.659  2.877  2.906  2.961  

5 1.378  1.873  2.052  2.140  2.311  2.343  2.381  1.820  2.330  2.575  2.687  2.891  2.912  2.967  

6 1.410  1.920  2.079  2.163  2.327  2.352  2.391  1.894  2.383  2.611  2.704  2.901  2.917  2.971  

7 1.443  1.954  2.107  2.187  2.339  2.359  2.399  1.958  2.428  2.632  2.729  2.906  2.920  2.974  

8 1.456  1.984  2.127  2.200  2.345  2.364  2.405  2.003  2.461  2.660  2.752  2.909  2.923  2.975  

9 1.464  2.005  2.143  2.211  2.349  2.370  2.409  2.042  2.494  2.682  2.761  2.911  2.926  2.976  

10 1.473  2.026  2.159  2.223  2.353  2.376  2.411  2.074  2.522  2.694  2.770  2.913  2.931  2.976  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.338  0.952  1.332  1.479  1.683  1.713  1.751  0.683  1.424  1.795  1.939  2.172  2.207  2.252  

2 0.507  1.160  1.432  1.533  1.705  1.735  1.766  0.889  1.586  1.848  1.982  2.190  2.226  2.266  

3 0.577  1.244  1.492  1.580  1.726  1.748  1.779  0.992  1.680  1.891  2.019  2.209  2.241  2.280  

4 0.613  1.302  1.536  1.612  1.737  1.761  1.790  1.052  1.742  1.927  2.045  2.222  2.256  2.290  

5 0.610  1.351  1.551  1.631  1.749  1.775  1.795  1.106  1.791  1.965  2.067  2.238  2.265  2.302  

6 0.605  1.386  1.571  1.644  1.763  1.781  1.801  1.119  1.820  1.985  2.079  2.247  2.272  2.313  

7 0.599  1.412  1.591  1.662  1.772  1.786  1.809  1.138  1.850  2.007  2.095  2.253  2.281  2.319  

8 0.592  1.421  1.599  1.678  1.776  1.790  1.819  1.152  1.865  2.030  2.114  2.259  2.290  2.322  

9 0.583  1.431  1.601  1.684  1.779  1.793  1.829  1.151  1.878  2.039  2.126  2.264  2.299  2.325  

10 0.572  1.443  1.604  1.685  1.782  1.797  1.835  1.148  1.892  2.046  2.132  2.269  2.304  2.327  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=2; Tn,a=1.651 ms; Pc=0.565 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.254  2.110  2.537  2.745  3.073  3.123  3.185  1.710  2.774  3.260  3.511  3.880  3.933  4.001  

2 1.505  2.277  2.606  2.786  3.081  3.128  3.188  1.989  2.904  3.290  3.528  3.887  3.936  4.003  

3 1.613  2.368  2.660  2.811  3.086  3.134  3.191  2.194  2.991  3.335  3.544  3.891  3.942  4.005  

4 1.711  2.430  2.703  2.832  3.092  3.136  3.195  2.338  3.060  3.372  3.560  3.898  3.944  4.009  

5 1.775  2.489  2.729  2.856  3.095  3.138  3.198  2.444  3.116  3.395  3.580  3.903  3.949  4.010  

6 1.835  2.532  2.761  2.872  3.097  3.143  3.199  2.513  3.144  3.430  3.594  3.910  3.954  4.012  

7 1.877  2.565  2.776  2.883  3.099  3.147  3.200  2.579  3.189  3.446  3.617  3.916  3.955  4.014  

8 1.901  2.591  2.795  2.897  3.104  3.149  3.201  2.648  3.220  3.469  3.638  3.919  3.958  4.018  

9 1.938  2.624  2.818  2.915  3.110  3.151  3.202  2.701  3.237  3.499  3.650  3.921  3.960  4.023  

10 1.973  2.639  2.834  2.927  3.115  3.151  3.204  2.736  3.264  3.519  3.661  3.925  3.963  4.024  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.240  0.788  1.100  1.230  1.436  1.467  1.506  0.522  1.180  1.498  1.624  1.826  1.856  1.897  

2 0.388  1.005  1.220  1.308  1.473  1.484  1.521  0.798  1.377  1.589  1.694  1.871  1.891  1.935  

3 0.481  1.097  1.282  1.352  1.485  1.497  1.535  0.967  1.460  1.649  1.738  1.888  1.910  1.950  

4 0.566  1.149  1.312  1.382  1.502  1.517  1.536  1.053  1.515  1.680  1.759  1.901  1.918  1.962  

5 0.589  1.191  1.348  1.407  1.517  1.522  1.542  1.089  1.563  1.720  1.787  1.904  1.927  1.967  

6 0.600  1.214  1.358  1.431  1.518  1.523  1.552  1.119  1.593  1.734  1.806  1.906  1.940  1.969  

7 0.603  1.241  1.365  1.437  1.519  1.525  1.563  1.117  1.625  1.746  1.810  1.911  1.949  1.969  

8 0.600  1.255  1.372  1.440  1.520  1.527  1.570  1.116  1.636  1.763  1.812  1.921  1.952  1.969  

9 0.596  1.259  1.380  1.442  1.521  1.531  1.572  1.116  1.644  1.784  1.816  1.933  1.954  1.969  

10 0.593  1.261  1.389  1.445  1.521  1.537  1.572  1.118  1.653  1.798  1.823  1.944  1.956  1.970  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=3; Tn,a=1.751 ms; Pc=0.469 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.051  1.783  2.106  2.292  2.603  2.650  2.708  1.459  2.329  2.736  2.934  3.296  3.348  3.412  

2 1.362  1.965  2.239  2.377  2.625  2.677  2.724  1.761  2.498  2.859  3.027  3.319  3.391  3.440  

3 1.513  2.058  2.293  2.418  2.650  2.687  2.734  1.955  2.595  2.907  3.063  3.352  3.408  3.459  

4 1.596  2.122  2.342  2.454  2.658  2.698  2.738  2.040  2.664  2.937  3.089  3.370  3.425  3.468  

5 1.643  2.186  2.366  2.476  2.669  2.709  2.740  2.148  2.738  2.982  3.100  3.377  3.439  3.474  

6 1.703  2.222  2.398  2.502  2.681  2.713  2.745  2.245  2.789  2.997  3.119  3.385  3.447  3.480  

7 1.727  2.261  2.422  2.515  2.684  2.715  2.751  2.316  2.817  3.018  3.142  3.394  3.451  3.485  

8 1.757  2.276  2.431  2.524  2.685  2.717  2.753  2.383  2.848  3.044  3.158  3.399  3.454  3.493  

9 1.791  2.301  2.441  2.532  2.686  2.719  2.753  2.425  2.890  3.069  3.167  3.404  3.456  3.499  

10 1.803  2.331  2.456  2.540  2.686  2.721  2.754  2.464  2.901  3.079  3.173  3.410  3.459  3.505  
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Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.189  0.703  0.975  1.095  1.281  1.310  1.345  0.459  1.094  1.375  1.493  1.686  1.714  1.749  

2 0.334  0.932  1.111  1.193  1.332  1.357  1.374  0.704  1.275  1.464  1.562  1.723  1.746  1.768  

3 0.410  1.030  1.177  1.234  1.366  1.379  1.396  0.879  1.364  1.520  1.602  1.746  1.760  1.786  

4 0.446  1.088  1.205  1.275  1.380  1.396  1.416  0.952  1.422  1.570  1.640  1.760  1.775  1.795  

5 0.483  1.112  1.238  1.292  1.398  1.415  1.422  1.005  1.473  1.595  1.656  1.777  1.787  1.802  

6 0.531  1.133  1.260  1.311  1.414  1.421  1.427  1.035  1.496  1.626  1.677  1.788  1.790  1.810  

7 0.576  1.158  1.265  1.331  1.418  1.423  1.432  1.043  1.519  1.639  1.701  1.789  1.790  1.820  

8 0.590  1.173  1.267  1.339  1.418  1.423  1.436  1.047  1.541  1.643  1.714  1.789  1.790  1.832  

9 0.590  1.174  1.268  1.342  1.419  1.423  1.440  1.049  1.550  1.647  1.714  1.790  1.790  1.841  

10 0.590  1.174  1.270  1.342  1.420  1.424  1.446  1.049  1.553  1.650  1.714  1.790  1.791  1.847  

 

Plate Breadth, b=246 mm; slenderness ratio, β=1.81; aspect ratio, α=a/b=4; Tn,a=1.782 ms; Pc=0.426 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.980  1.676  1.977  2.124  2.371  2.412  2.459  1.345  2.154  2.529  2.711  3.011  3.059  3.119  

2 1.249  1.824  2.082  2.198  2.428  2.444  2.500  1.660  2.319  2.625  2.783  3.042  3.100  3.152  

3 1.397  1.910  2.135  2.244  2.443  2.473  2.512  1.796  2.422  2.678  2.837  3.078  3.117  3.160  

4 1.458  1.973  2.187  2.273  2.461  2.492  2.523  1.933  2.485  2.740  2.871  3.079  3.140  3.163  

5 1.517  2.026  2.209  2.296  2.477  2.499  2.532  2.010  2.554  2.772  2.902  3.083  3.154  3.165  

6 1.553  2.078  2.245  2.326  2.488  2.504  2.543  2.084  2.604  2.814  2.911  3.085  3.158  3.165  

7 1.577  2.102  2.265  2.340  2.496  2.505  2.552  2.159  2.637  2.826  2.920  3.085  3.161  3.167  

8 1.584  2.128  2.273  2.346  2.500  2.507  2.559  2.212  2.667  2.845  2.938  3.086  3.161  3.167  

9 1.586  2.159  2.282  2.350  2.502  2.508  2.564  2.241  2.704  2.873  2.963  3.086  3.162  3.167  

10 1.587  2.177  2.296  2.354  2.502  2.508  2.568  2.278  2.719  2.895  2.980  3.086  3.163  3.168  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.867  1.658  1.870  2.004  2.174  2.199  2.232  1.196  2.145  2.457  2.643  2.887  2.924  2.968  

2 1.009  1.760  1.932  2.051  2.207  2.225  2.263  1.391  2.296  2.534  2.658  2.890  2.925  2.968  

3 1.058  1.786  1.942  2.055  2.215  2.240  2.272  1.460  2.319  2.548  2.665  2.892  2.926  2.970  

4 1.089  1.793  1.955  2.061  2.222  2.250  2.279  1.461  2.328  2.545  2.667  2.892  2.926  2.971  

5 1.069  1.797  1.965  2.064  2.228  2.252  2.286  1.441  2.329  2.544  2.670  2.893  2.927  2.971  

6 1.071  1.798  1.966  2.066  2.234  2.251  2.292  1.435  2.340  2.549  2.674  2.893  2.928  2.970  

7 1.083  1.795  1.964  2.068  2.239  2.251  2.294  1.434  2.356  2.558  2.678  2.892  2.929  2.971  

8 1.086  1.795  1.965  2.068  2.242  2.252  2.294  1.454  2.358  2.562  2.679  2.893  2.927  2.971  

9 1.076  1.797  1.967  2.067  2.241  2.253  2.294  1.488  2.357  2.563  2.679  2.893  2.928  2.970  

10 1.070  1.798  1.966  2.067  2.242  2.252  2.295  1.487  2.359  2.565  2.678  2.892  2.929  2.971  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=2; Tn,a=3.303 ms; Pc=0.141 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 2.189  3.267  3.653  3.827  4.089  4.129  4.175  3.231  4.114  4.529  4.694  5.101  5.157  5.219  

2 2.550  3.375  3.678  3.854  4.100  4.136  4.184  3.403  4.155  4.543  4.698  5.100  5.164  5.224  

3 2.612  3.375  3.684  3.853  4.101  4.138  4.187  3.483  4.221  4.575  4.710  5.113  5.166  5.214  

4 2.644  3.366  3.681  3.857  4.106  4.141  4.189  3.548  4.191  4.568  4.711  5.120  5.167  5.214  

5 2.723  3.386  3.679  3.855  4.110  4.144  4.192  3.666  4.226  4.572  4.703  5.131  5.193  5.213  

6 2.767  3.385  3.679  3.855  4.110  4.145  4.192  3.719  4.214  4.604  4.690  5.152  5.193  5.221  

7 2.765  3.381  3.679  3.859  4.110  4.145  4.193  3.721  4.254  4.617  4.682  5.150  5.204  5.221  

8 2.767  3.377  3.680  3.857  4.110  4.146  4.192  3.823  4.269  4.615  4.696  5.168  5.211  5.227  

9 2.767  3.368  3.679  3.860  4.110  4.145  4.193  3.823  4.285  4.631  4.696  5.167  5.216  5.228  

10 2.767  3.369  3.681  3.858  4.111  4.147  4.192  3.882  4.281  4.633  4.691  5.178  5.220  5.233  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.775  1.347  1.505  1.616  1.780  1.807  1.837  1.164  1.832  2.003  2.084  2.337  2.387  2.453  

2 0.909  1.502  1.614  1.691  1.818  1.835  1.864  1.286  2.005  2.167  2.244  2.394  2.423  2.482  

3 1.002  1.536  1.652  1.725  1.829  1.851  1.869  1.292  2.047  2.186  2.252  2.404  2.438  2.485  

4 1.028  1.543  1.652  1.729  1.841  1.851  1.876  1.273  2.048  2.185  2.254  2.415  2.437  2.489  

5 1.059  1.542  1.653  1.728  1.855  1.853  1.885  1.264  2.051  2.188  2.254  2.419  2.436  2.492  

6 1.083  1.541  1.655  1.726  1.860  1.853  1.894  1.277  2.053  2.190  2.252  2.421  2.438  2.489  

7 1.089  1.543  1.654  1.727  1.859  1.852  1.900  1.285  2.050  2.188  2.254  2.419  2.437  2.491  

8 1.089  1.545  1.653  1.730  1.860  1.851  1.902  1.292  2.050  2.187  2.255  2.421  2.436  2.492  

9 1.092  1.544  1.653  1.729  1.862  1.852  1.902  1.302  2.053  2.190  2.252  2.423  2.437  2.489  

10 1.104  1.542  1.655  1.727  1.860  1.854  1.900  1.318  2.053  2.189  2.253  2.421  2.437  2.490  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=3; Tn,a=3.502 ms; Pc=0.117 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.809  2.703  2.874  3.065  3.366  3.410  3.470  2.727  3.401  3.824  3.946  4.263  4.316  4.400  

2 2.178  2.846  2.978  3.127  3.401  3.417  3.474  3.035  3.573  3.928  4.057  4.358  4.335  4.433  

3 2.264  2.904  3.000  3.192  3.431  3.422  3.496  3.136  3.594  4.010  4.100  4.356  4.350  4.450  

4 2.346  2.904  3.045  3.200  3.431  3.424  3.492  3.197  3.589  3.993  4.095  4.358  4.348  4.454  

5 2.386  2.908  3.059  3.201  3.429  3.420  3.494  3.215  3.587  3.996  4.090  4.357  4.353  4.466  

6 2.407  2.922  3.058  3.199  3.431  3.425  3.493  3.236  3.572  3.999  4.084  4.358  4.356  4.465  

7 2.452  2.948  3.055  3.203  3.429  3.422  3.493  3.262  3.572  3.999  4.080  4.358  4.397  4.468  

8 2.455  2.969  3.061  3.203  3.431  3.422  3.494  3.329  3.577  3.994  4.083  4.358  4.397  4.465  

9 2.454  2.970  3.058  3.205  3.430  3.423  3.492  3.337  3.575  4.001  4.082  4.360  4.396  4.469  

10 2.458  2.969  3.058  3.215  3.429  3.419  3.494  3.347  3.579  4.012  4.087  4.358  4.393  4.465  
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Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 1.5 2.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 0.634  1.211  1.383  1.483  1.617  1.639  1.664  1.078  1.668  1.849  1.949  2.113  2.139  2.169  

2 0.843  1.350  1.475  1.538  1.650  1.676  1.693  1.214  1.812  1.961  2.049  2.186  2.199  2.236  

3 0.894  1.389  1.495  1.559  1.661  1.687  1.703  1.250  1.854  1.992  2.070  2.193  2.209  2.238  

4 0.905  1.396  1.513  1.577  1.672  1.689  1.711  1.259  1.864  2.007  2.081  2.194  2.214  2.237  

5 0.911  1.404  1.518  1.580  1.679  1.692  1.711  1.266  1.873  2.018  2.090  2.195  2.214  2.238  

6 0.917  1.413  1.519  1.580  1.678  1.693  1.711  1.268  1.884  2.028  2.094  2.197  2.215  2.238  

7 0.923  1.420  1.517  1.582  1.678  1.692  1.714  1.263  1.890  2.033  2.094  2.196  2.218  2.237  

8 0.929  1.423  1.517  1.583  1.681  1.692  1.713  1.263  1.894  2.033  2.097  2.197  2.217  2.238  

9 0.934  1.423  1.520  1.580  1.679  1.694  1.711  1.263  1.899  2.034  2.097  2.198  2.217  2.238  

10 0.935  1.424  1.519  1.580  1.678  1.693  1.713  1.255  1.901  2.036  2.096  2.196  2.218  2.237  

 

Plate Breadth, b=246 mm; slenderness ratio, β=3.63; aspect ratio, α=a/b=4; Tn,a=3.565 ms; Pc=0.107 MPa 

Pp/Pc 3.0 4.0 

td/Tn,a 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp/t wp/t 

1 1.511  2.491  2.732  2.863  3.094  3.138  3.187  2.249  3.194  3.523  3.666  3.926  3.969  4.016  

2 1.925  2.649  2.832  2.926  3.136  3.154  3.193  2.688  3.343  3.568  3.697  3.940  3.982  4.039  

3 2.016  2.706  2.840  2.932  3.133  3.158  3.194  2.832  3.436  3.651  3.733  3.985  4.017  4.096  

4 2.069  2.717  2.851  2.939  3.136  3.165  3.194  2.905  3.443  3.644  3.780  3.989  4.033  4.092  

5 2.123  2.735  2.871  2.962  3.133  3.178  3.194  2.946  3.468  3.629  3.829  3.997  4.059  4.100  

6 2.130  2.751  2.893  2.979  3.135  3.176  3.194  2.994  3.504  3.623  3.825  3.994  4.063  4.106  

7 2.136  2.752  2.892  2.977  3.133  3.178  3.193  3.013  3.500  3.624  3.824  3.996  4.059  4.106  

8 2.139  2.751  2.891  2.978  3.135  3.176  3.194  3.044  3.496  3.628  3.822  3.991  4.063  4.104  

9 2.136  2.753  2.893  2.976  3.133  3.177  3.192  3.058  3.498  3.623  3.818  3.994  4.057  4.107  

10 2.139  2.751  2.892  2.978  3.134  3.175  3.194  3.064  3.497  3.626  3.821  3.992  4.062  4.103  
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Table B.1.9 Results of parametric study for unstiffened steel plates under repeated impulsive pressure loadings 

Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=2; Tn=8.291 ms; Pc=1.100 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.371  1.014  1.200  1.303  1.452  1.475  1.502  1.021  1.659  1.863  1.973  2.136  2.161  2.196  

2 0.626  1.212  1.347  1.435  1.564  1.590  1.612  1.288  1.779  1.962  2.065  2.223  2.248  2.284  

3 0.788  1.310  1.434  1.529  1.655  1.685  1.711  1.430  1.876  2.051  2.155  2.309  2.337  2.370  

4 0.893  1.378  1.499  1.600  1.734  1.765  1.786  1.528  1.954  2.123  2.237  2.387  2.414  2.451  

5 0.961  1.434  1.556  1.659  1.797  1.828  1.846  1.597  2.021  2.189  2.307  2.452  2.481  2.522  

6 1.012  1.480  1.604  1.705  1.852  1.883  1.901  1.651  2.077  2.246  2.362  2.512  2.547  2.585  

7 1.049  1.518  1.645  1.746  1.901  1.932  1.948  1.697  2.125  2.292  2.411  2.569  2.605  2.643  

8 1.081  1.553  1.677  1.782  1.943  1.975  1.990  1.742  2.167  2.330  2.455  2.620  2.665  2.698  

9 1.109  1.583  1.704  1.816  1.981  2.017  2.029  1.781  2.204  2.365  2.496  2.666  2.718  2.745  

10 1.130  1.613  1.727  1.848  2.017  2.058  2.067  1.816  2.234  2.399  2.533  2.710  2.764  2.791  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=2; Tn=8.291 ms; Pc=1.100 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.456  2.182  2.444  2.574  2.789  2.825  2.861  1.863  2.705  3.012  3.172  3.427  3.463  3.519  

2 1.719  2.313  2.552  2.670  2.882  2.920  2.946  2.147  2.836  3.108  3.258  3.494  3.527  3.587  

3 1.887  2.424  2.644  2.755  2.965  3.007  3.031  2.337  2.950  3.198  3.338  3.572  3.595  3.665  

4 2.011  2.516  2.722  2.831  3.043  3.086  3.110  2.480  3.048  3.275  3.414  3.644  3.666  3.745  

5 2.110  2.593  2.792  2.898  3.113  3.157  3.184  2.589  3.135  3.344  3.483  3.718  3.735  3.821  

6 2.193  2.656  2.854  2.959  3.179  3.219  3.249  2.681  3.213  3.407  3.548  3.785  3.801  3.893  

7 2.261  2.712  2.909  3.013  3.238  3.279  3.312  2.755  3.277  3.467  3.611  3.850  3.867  3.957  

8 2.319  2.764  2.959  3.062  3.293  3.338  3.375  2.821  3.332  3.524  3.668  3.911  3.928  4.016  

9 2.368  2.814  3.006  3.104  3.347  3.394  3.433  2.878  3.382  3.577  3.723  3.964  3.983  4.072  

10 2.409  2.858  3.047  3.146  3.396  3.443  3.488  2.932  3.428  3.626  3.773  4.013  4.032  4.126  
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Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=3; Tn=8.935 ms; Pc=0.913 MPa 

Pp/Pc 2.0 2.5 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.264  0.845  1.048  1.163  1.296  1.317  1.353  0.839  1.428  1.612  1.710  1.881  1.908  1.932  

2 0.468  1.042  1.184  1.261  1.380  1.399  1.433  1.124  1.558  1.713  1.810  1.970  2.001  2.024  

3 0.624  1.151  1.268  1.334  1.451  1.469  1.505  1.281  1.645  1.792  1.889  2.047  2.073  2.098  

4 0.724  1.223  1.327  1.388  1.514  1.527  1.570  1.376  1.716  1.861  1.957  2.111  2.139  2.165  

5 0.789  1.271  1.370  1.429  1.566  1.577  1.625  1.440  1.774  1.919  2.013  2.167  2.198  2.225  

6 0.842  1.307  1.403  1.463  1.610  1.622  1.671  1.490  1.821  1.967  2.062  2.220  2.249  2.278  

7 0.889  1.338  1.432  1.496  1.648  1.662  1.713  1.531  1.861  2.009  2.105  2.267  2.297  2.325  

8 0.927  1.366  1.458  1.528  1.681  1.696  1.748  1.568  1.896  2.046  2.148  2.311  2.340  2.367  

9 0.960  1.392  1.481  1.556  1.712  1.727  1.779  1.601  1.926  2.082  2.188  2.351  2.377  2.403  

10 0.989  1.415  1.504  1.582  1.738  1.755  1.808  1.628  1.952  2.117  2.225  2.388  2.412  2.437  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=3; Tn=8.935 ms; Pc=0.913 MPa 

Pp/Pc 3.0 4.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.257  1.850  2.075  2.206  2.397  2.435  2.478  1.577  2.269  2.540  2.683  2.929  2.963  3.019  

2 1.520  2.003  2.215  2.331  2.503  2.547  2.586  1.868  2.436  2.677  2.809  3.024  3.058  3.118  

3 1.672  2.108  2.312  2.426  2.588  2.634  2.675  2.047  2.556  2.781  2.904  3.105  3.143  3.204  

4 1.784  2.191  2.390  2.502  2.660  2.709  2.749  2.179  2.656  2.865  2.985  3.176  3.216  3.277  

5 1.870  2.262  2.454  2.568  2.725  2.776  2.813  2.285  2.742  2.936  3.055  3.242  3.281  3.347  

6 1.939  2.321  2.510  2.625  2.782  2.834  2.871  2.370  2.821  3.001  3.118  3.301  3.342  3.417  

7 1.995  2.373  2.560  2.678  2.832  2.891  2.927  2.440  2.894  3.056  3.175  3.357  3.402  3.485  

8 2.042  2.420  2.604  2.726  2.879  2.942  2.982  2.500  2.957  3.107  3.231  3.412  3.460  3.548  

9 2.081  2.463  2.646  2.768  2.924  2.991  3.031  2.554  3.015  3.155  3.282  3.467  3.516  3.603  

10 2.116  2.502  2.684  2.809  2.967  3.037  3.077  2.602  3.063  3.201  3.330  3.518  3.567  3.652  
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Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=4; Tn=9.150 ms; Pc=0.830 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.209  0.686  0.861  0.971  1.152  1.177  1.219  0.736  1.283  1.446  1.545  1.708  1.728  1.770  

2 0.363  0.938  1.061  1.140  1.278  1.293  1.327  1.034  1.436  1.570  1.658  1.817  1.831  1.872  

3 0.490  1.061  1.160  1.234  1.355  1.369  1.400  1.185  1.524  1.651  1.739  1.900  1.914  1.954  

4 0.595  1.136  1.225  1.298  1.419  1.427  1.454  1.282  1.593  1.717  1.809  1.970  1.985  2.025  

5 0.675  1.190  1.271  1.344  1.471  1.476  1.503  1.345  1.648  1.773  1.865  2.029  2.048  2.087  

6 0.741  1.229  1.311  1.382  1.514  1.521  1.545  1.395  1.696  1.819  1.916  2.079  2.099  2.143  

7 0.792  1.262  1.345  1.412  1.549  1.558  1.581  1.437  1.736  1.862  1.959  2.124  2.146  2.194  

8 0.836  1.288  1.375  1.438  1.580  1.589  1.614  1.473  1.772  1.900  1.998  2.168  2.192  2.239  

9 0.875  1.310  1.399  1.462  1.608  1.614  1.642  1.504  1.803  1.933  2.038  2.212  2.232  2.280  

10 0.907  1.330  1.421  1.485  1.633  1.638  1.668  1.532  1.832  1.964  2.073  2.249  2.269  2.320  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.35; aspect ratio, α=a/b=4; Tn=9.150 ms; Pc=0.830 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.176  1.682  1.888  1.997  2.183  2.225  2.251  1.463  2.064  2.315  2.442  2.660  2.705  2.746  

2 1.424  1.837  2.029  2.128  2.295  2.340  2.363  1.730  2.237  2.463  2.578  2.780  2.821  2.869  

3 1.563  1.946  2.134  2.219  2.380  2.432  2.455  1.903  2.355  2.574  2.680  2.870  2.918  2.961  

4 1.665  2.030  2.217  2.292  2.455  2.512  2.534  2.028  2.453  2.660  2.763  2.951  3.000  3.043  

5 1.746  2.098  2.285  2.353  2.522  2.584  2.602  2.121  2.536  2.733  2.834  3.024  3.066  3.112  

6 1.806  2.155  2.343  2.408  2.583  2.647  2.667  2.206  2.605  2.795  2.897  3.088  3.124  3.177  

7 1.857  2.209  2.394  2.458  2.642  2.703  2.721  2.276  2.664  2.853  2.957  3.143  3.181  3.236  

8 1.902  2.254  2.441  2.506  2.692  2.752  2.773  2.332  2.717  2.906  3.009  3.195  3.231  3.292  

9 1.940  2.295  2.482  2.551  2.734  2.798  2.820  2.381  2.766  2.957  3.056  3.243  3.278  3.346  

10 1.971  2.332  2.518  2.589  2.775  2.845  2.867  2.424  2.811  3.001  3.100  3.291  3.326  3.397  
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Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=2; Tn=12.107 ms; Pc=0.619 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.765  1.332  1.481  1.574  1.710  1.731  1.760  1.452  1.976  2.199  2.296  2.451  2.491  2.513  

2 1.020  1.494  1.631  1.717  1.824  1.858  1.885  1.698  2.116  2.326  2.400  2.561  2.623  2.639  

3 1.177  1.593  1.734  1.822  1.935  1.971  1.987  1.853  2.234  2.441  2.503  2.669  2.738  2.758  

4 1.293  1.674  1.812  1.909  2.031  2.068  2.080  1.955  2.336  2.537  2.589  2.770  2.842  2.864  

5 1.375  1.738  1.876  1.979  2.110  2.145  2.159  2.034  2.417  2.619  2.670  2.859  2.933  2.950  

6 1.436  1.791  1.931  2.038  2.171  2.207  2.227  2.104  2.490  2.683  2.738  2.931  3.017  3.036  

7 1.484  1.835  1.976  2.086  2.223  2.257  2.282  2.161  2.563  2.746  2.797  3.007  3.093  3.111  

8 1.524  1.879  2.011  2.127  2.268  2.299  2.323  2.215  2.621  2.808  2.856  3.080  3.162  3.180  

9 1.556  1.918  2.046  2.164  2.304  2.331  2.356  2.269  2.667  2.869  2.910  3.144  3.226  3.243  

10 1.584  1.953  2.078  2.194  2.332  2.357  2.386  2.309  2.708  2.926  2.963  3.205  3.283  3.300  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=2; Tn=12.107 ms; Pc=0.619 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.895  2.609  2.843  2.965  3.154  3.189  3.224  2.371  3.201  3.481  3.621  3.847  3.882  3.928  

2 2.178  2.739  2.950  3.075  3.269  3.301  3.333  2.682  3.347  3.587  3.712  3.934  3.969  4.019  

3 2.332  2.843  3.060  3.198  3.383  3.416  3.451  2.826  3.464  3.685  3.812  4.047  4.080  4.134  

4 2.421  2.935  3.162  3.301  3.484  3.520  3.566  2.930  3.557  3.777  3.912  4.163  4.198  4.248  

5 2.499  3.020  3.245  3.387  3.581  3.620  3.672  3.020  3.635  3.866  4.003  4.267  4.302  4.351  

6 2.555  3.097  3.314  3.468  3.671  3.711  3.766  3.094  3.706  3.949  4.088  4.357  4.399  4.449  

7 2.610  3.169  3.375  3.540  3.755  3.797  3.857  3.158  3.773  4.023  4.165  4.445  4.490  4.545  

8 2.658  3.226  3.431  3.612  3.832  3.878  3.937  3.216  3.836  4.090  4.234  4.524  4.572  4.632  

9 2.712  3.277  3.488  3.675  3.906  3.946  4.009  3.270  3.892  4.151  4.293  4.596  4.648  4.712  

10 2.765  3.314  3.542  3.739  3.968  4.011  4.077  3.314  3.946  4.205  4.346  4.664  4.725  4.790  
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Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=3; Tn=13.072 ms; Pc=0.513 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.552  1.111  1.316  1.409  1.522  1.546  1.573  1.212  1.685  1.894  1.963  2.125  2.166  2.185  

2 0.826  1.277  1.429  1.507  1.609  1.632  1.651  1.470  1.821  2.037  2.091  2.253  2.291  2.310  

3 0.982  1.378  1.517  1.580  1.683  1.711  1.727  1.598  1.905  2.141  2.198  2.357  2.394  2.417  

4 1.095  1.444  1.582  1.641  1.755  1.779  1.793  1.688  1.967  2.226  2.288  2.438  2.477  2.504  

5 1.181  1.489  1.642  1.698  1.817  1.840  1.849  1.762  2.017  2.299  2.361  2.507  2.548  2.579  

6 1.247  1.532  1.688  1.742  1.866  1.890  1.908  1.822  2.063  2.363  2.423  2.570  2.615  2.649  

7 1.300  1.570  1.727  1.778  1.907  1.931  1.958  1.881  2.110  2.419  2.480  2.627  2.676  2.717  

8 1.345  1.609  1.759  1.810  1.942  1.967  2.001  1.930  2.161  2.475  2.531  2.681  2.735  2.778  

9 1.387  1.642  1.788  1.841  1.971  1.998  2.036  1.964  2.210  2.525  2.580  2.736  2.791  2.833  

10 1.419  1.670  1.810  1.865  1.999  2.023  2.066  1.986  2.256  2.570  2.628  2.792  2.844  2.883  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=3; Tn=13.072 ms; Pc=0.513 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.613  2.185  2.409  2.501  2.676  2.716  2.745  2.006  2.678  2.911  3.047  3.253  3.294  3.350  

2 1.886  2.362  2.572  2.649  2.815  2.858  2.882  2.322  2.885  3.084  3.198  3.399  3.436  3.493  

3 2.010  2.470  2.679  2.768  2.935  2.971  2.998  2.472  3.021  3.204  3.311  3.527  3.563  3.619  

4 2.095  2.556  2.777  2.884  3.045  3.074  3.096  2.576  3.129  3.301  3.409  3.637  3.674  3.728  

5 2.184  2.626  2.867  2.980  3.131  3.162  3.182  2.659  3.211  3.380  3.497  3.731  3.768  3.826  

6 2.252  2.694  2.948  3.064  3.209  3.242  3.263  2.735  3.282  3.450  3.575  3.817  3.856  3.916  

7 2.308  2.753  3.017  3.139  3.280  3.316  3.336  2.805  3.334  3.516  3.640  3.898  3.936  4.000  

8 2.357  2.808  3.080  3.206  3.348  3.389  3.402  2.854  3.382  3.574  3.702  3.975  4.006  4.076  

9 2.403  2.859  3.134  3.264  3.415  3.458  3.465  2.902  3.423  3.627  3.756  4.045  4.077  4.149  

10 2.442  2.913  3.183  3.322  3.479  3.519  3.526  2.940  3.462  3.677  3.811  4.111  4.141  4.217  
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Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=4; Tn=13.396 ms; Pc=0.467 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 0.476  0.967  1.115  1.215  1.362  1.383  1.406  1.115  1.515  1.695  1.902  1.938  1.962  1.987  

2 0.730  1.155  1.291  1.378  1.488  1.508  1.525  1.374  1.674  1.844  2.006  2.088  2.112  2.145  

3 0.891  1.257  1.413  1.471  1.559  1.576  1.597  1.502  1.772  1.958  2.090  2.194  2.222  2.259  

4 1.000  1.332  1.501  1.534  1.619  1.637  1.658  1.599  1.852  2.048  2.157  2.282  2.306  2.353  

5 1.087  1.384  1.569  1.590  1.675  1.691  1.712  1.672  1.919  2.116  2.224  2.354  2.378  2.432  

6 1.152  1.426  1.616  1.635  1.720  1.738  1.754  1.735  1.976  2.172  2.286  2.417  2.441  2.498  

7 1.205  1.462  1.654  1.672  1.757  1.774  1.791  1.786  2.021  2.223  2.339  2.476  2.497  2.554  

8 1.248  1.502  1.684  1.702  1.786  1.805  1.820  1.828  2.065  2.271  2.390  2.528  2.548  2.602  

9 1.286  1.532  1.706  1.727  1.813  1.830  1.847  1.865  2.101  2.314  2.437  2.573  2.593  2.646  

10 1.320  1.563  1.724  1.746  1.835  1.853  1.873  1.898  2.130  2.353  1.902  2.614  2.633  2.686  

 

Plate Breadth, b=800 mm; slenderness ratio, β=1.80; aspect ratio, α=a/b=4; Tn=13.396 ms; Pc=0.467 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.511  1.965  2.147  2.274  2.458  2.488  2.520  1.860  2.435  2.657  2.776  2.963  2.991  3.034  

2 1.767  2.145  2.323  2.458  2.626  2.648  2.682  2.129  2.636  2.830  2.951  3.142  3.152  3.208  

3 1.900  2.268  2.454  2.574  2.749  2.769  2.803  2.281  2.759  2.956  3.081  3.267  3.268  3.340  

4 1.997  2.369  2.554  2.663  2.847  2.872  2.906  2.385  2.856  3.060  3.180  3.370  3.373  3.451  

5 2.081  2.463  2.628  2.736  2.931  2.961  2.996  2.466  2.945  3.144  3.261  3.465  3.477  3.546  

6 2.134  2.536  2.688  2.796  3.013  3.042  3.080  2.530  3.022  3.212  3.333  3.546  3.560  3.630  

7 2.200  2.592  2.744  2.853  3.084  3.116  3.152  2.589  3.094  3.275  3.399  3.617  3.638  3.710  

8 2.258  2.640  2.796  2.911  3.149  3.182  3.217  2.641  3.158  3.327  3.455  3.682  3.711  3.784  

9 2.304  2.685  2.845  2.963  3.212  3.245  3.277  2.694  3.213  3.374  3.509  3.746  3.777  3.851  

10 2.342  2.727  2.890  3.014  3.267  3.304  3.334  2.737  3.261  3.418  3.556  3.805  3.838  3.909  
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Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=2; Tn=20.962 ms; Pc=0.275 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.350  1.751  1.864  1.944  2.043  2.064  2.083  2.039  2.427  2.636  2.747  2.901  2.916  2.939  

2 1.612  1.877  1.989  2.063  2.177  2.203  2.227  2.327  2.693  2.848  2.945  3.082  3.100  3.125  

3 1.723  1.948  2.080  2.163  2.281  2.307  2.331  2.511  2.847  3.006  3.098  3.235  3.262  3.293  

4 1.772  1.998  2.147  2.231  2.351  2.378  2.403  2.633  2.964  3.129  3.223  3.364  3.388  3.416  

5 1.797  2.049  2.198  2.287  2.407  2.435  2.461  2.721  3.066  3.228  3.318  3.462  3.482  3.515  

6 1.808  2.090  2.240  2.324  2.450  2.477  2.508  2.804  3.153  3.301  3.394  3.544  3.569  3.606  

7 1.819  2.123  2.274  2.353  2.483  2.513  2.545  2.886  3.217  3.359  3.457  3.616  3.640  3.679  

8 1.826  2.149  2.305  2.375  2.512  2.542  2.576  2.956  3.271  3.411  3.509  3.679  3.705  3.742  

9 1.831  2.175  2.327  2.393  2.534  2.565  2.600  3.020  3.309  3.458  3.550  3.733  3.757  3.793  

10 1.834  2.195  2.343  2.407  2.552  2.585  2.621  3.070  3.341  3.494  3.588  3.779  3.804  3.845  

 

Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=2; Tn=20.962 ms; Pc=0.275 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 2.461  3.112  3.350  3.446  3.607  3.627  3.655  3.139  3.807  4.068  4.176  4.365  4.392  4.426  

2 2.798  3.380  3.584  3.669  3.814  3.842  3.873  3.515  4.078  4.287  4.380  4.571  4.596  4.633  

3 3.011  3.563  3.754  3.851  4.020  4.046  4.079  3.700  4.238  4.451  4.563  4.796  4.828  4.873  

4 3.165  3.706  3.909  4.008  4.190  4.214  4.249  3.834  4.375  4.611  4.739  4.991  5.033  5.080  

5 3.283  3.836  4.038  4.141  4.345  4.363  4.399  3.951  4.500  4.767  4.899  5.157  5.204  5.250  

6 3.413  3.944  4.153  4.267  4.478  4.499  4.537  4.045  4.630  4.889  5.033  5.301  5.348  5.399  

7 3.525  4.038  4.259  4.378  4.597  4.618  4.655  4.119  4.752  4.995  5.154  5.434  5.478  5.523  

8 3.621  4.118  4.360  4.473  4.690  4.714  4.751  4.192  4.851  5.096  5.267  5.550  5.592  5.640  

9 3.712  4.194  4.442  4.561  4.777  4.805  4.842  4.262  4.933  5.197  5.367  5.658  5.702  5.754  

10 3.793  4.268  4.518  4.638  4.862  4.892  4.930  4.344  5.006  5.288  5.456  5.761  5.806  5.859  
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Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=3; Tn=22.688 ms; Pc=0.228 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.190  1.504  1.644  1.718  1.819  1.825  1.849  1.688  2.086  2.285  2.374  2.510  2.520  2.575  

2 1.486  1.680  1.781  1.828  1.910  1.918  1.941  1.946  2.328  2.498  2.574  2.678  2.688  2.735  

3 1.597  1.759  1.850  1.893  1.977  1.992  2.023  2.103  2.491  2.631  2.700  2.800  2.813  2.852  

4 1.650  1.800  1.887  1.930  2.034  2.054  2.087  2.238  2.595  2.724  2.791  2.893  2.909  2.941  

5 1.674  1.821  1.901  1.952  2.079  2.101  2.132  2.340  2.674  2.798  2.863  2.967  2.980  3.012  

6 1.688  1.840  1.916  1.970  2.111  2.134  2.165  2.409  2.740  2.861  2.922  3.027  3.042  3.071  

7 1.689  1.841  1.923  1.981  2.137  2.159  2.190  2.467  2.795  2.912  2.973  3.077  3.093  3.122  

8 1.682  1.835  1.927  1.989  2.158  2.180  2.209  2.514  2.841  2.955  3.013  3.118  3.134  3.166  

9 1.674  1.834  1.930  1.999  2.174  2.195  2.224  2.559  2.881  2.992  3.049  3.152  3.171  3.204  

10 1.670  1.836  1.935  2.019  2.187  2.207  2.236  2.600  2.914  3.022  3.082  3.182  3.203  3.237  

 

Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=3; Tn=22.688 ms; Pc=0.228 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 2.192  2.710  2.938  3.006  3.105  3.159  3.167  2.551  3.144  3.427  3.548  3.723  3.755  3.791  

2 2.553  2.959  3.168  3.242  3.354  3.399  3.403  2.981  3.498  3.705  3.808  3.965  3.984  4.018  

3 2.802  3.152  3.348  3.426  3.529  3.571  3.582  3.180  3.708  3.883  3.983  4.139  4.158  4.199  

4 2.975  3.305  3.486  3.570  3.673  3.709  3.726  3.342  3.864  4.022  4.116  4.304  4.326  4.375  

5 3.111  3.430  3.604  3.688  3.789  3.822  3.839  3.469  3.999  4.149  4.242  4.450  4.482  4.528  

6 3.232  3.534  3.701  3.786  3.886  3.917  3.934  3.587  4.121  4.264  4.358  4.580  4.613  4.661  

7 3.326  3.621  3.788  3.868  3.970  4.000  4.019  3.712  4.227  4.376  4.464  4.694  4.731  4.783  

8 3.409  3.697  3.863  3.940  4.044  4.073  4.094  3.813  4.320  4.460  4.555  4.798  4.841  4.895  

9 3.479  3.766  3.928  4.001  4.111  4.137  4.162  3.909  4.402  4.540  4.635  4.898  4.947  4.999  

10 3.539  3.825  3.982  4.057  4.169  4.194  4.223  3.988  4.461  4.608  4.712  4.987  5.033  5.081  
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Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=4; Tn=23.271 ms; Pc=0.208 MPa 

Pp/Pc 2.0 3.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 1.066  1.387  1.451  1.527  1.621  1.646  1.657  1.543  1.832  1.993  2.078  2.219  2.239  2.276  

2 1.368  1.573  1.644  1.679  1.755  1.774  1.787  1.808  2.103  2.250  2.321  2.423  2.448  2.482  

3 1.489  1.653  1.716  1.746  1.819  1.834  1.844  1.983  2.254  2.382  2.443  2.539  2.563  2.591  

4 1.544  1.701  1.753  1.770  1.859  1.875  1.887  2.081  2.343  2.470  2.526  2.621  2.643  2.668  

5 1.585  1.722  1.771  1.794  1.884  1.905  1.919  2.156  2.408  2.535  2.581  2.685  2.706  2.730  

6 1.608  1.736  1.765  1.797  1.913  1.924  1.942  2.211  2.461  2.581  2.627  2.737  2.758  2.779  

7 1.621  1.740  1.765  1.798  1.927  1.942  1.960  2.248  2.506  2.619  2.667  2.779  2.802  2.822  

8 1.628  1.738  1.759  1.803  1.938  1.954  1.973  2.272  2.544  2.654  2.704  2.819  2.841  2.861  

9 1.634  1.735  1.753  1.819  1.949  1.964  1.985  2.314  2.579  2.682  2.734  2.851  2.873  2.897  

10 1.641  1.732  1.752  1.827  1.958  1.973  1.996  2.340  2.607  2.708  2.762  2.882  2.906  2.929  

 

Plate Breadth, b=800 mm; slenderness ratio, β=2.70; aspect ratio, α=a/b=4; Tn=23.271 ms; Pc=0.208 MPa 

Pp/Pc 4.0 5.0 

td/Tn 0.3 0.6 0.9 1.2 2.5 3.0 4.0 0.3 0.6 0.9 1.2 2.5 3.0 4.0 

Impact, N wp,stiff /wp,unstiff wp/t 

1 2.080  2.445  2.591  2.679  2.836  2.850  2.879  2.465  2.867  3.081  3.167  3.324  3.356  3.384  

2 2.369  2.735  2.865  2.962  3.097  3.117  3.140  2.836  3.195  3.389  3.472  3.618  3.648  3.680  

3 2.578  2.952  3.068  3.150  3.269  3.287  3.306  3.052  3.389  3.586  3.672  3.825  3.854  3.891  

4 2.747  3.098  3.215  3.284  3.397  3.413  3.434  3.216  3.565  3.743  3.839  4.004  4.033  4.064  

5 2.886  3.205  3.318  3.382  3.493  3.508  3.532  3.365  3.706  3.884  3.972  4.142  4.169  4.201  

6 2.987  3.290  3.397  3.456  3.571  3.588  3.614  3.492  3.821  3.996  4.090  4.257  4.284  4.314  

7 3.069  3.358  3.466  3.517  3.641  3.658  3.685  3.597  3.920  4.092  4.183  4.351  4.378  4.411  

8 3.138  3.415  3.523  3.576  3.702  3.720  3.750  3.699  4.006  4.167  4.264  4.427  4.455  4.488  

9 3.198  3.466  3.572  3.629  3.758  3.779  3.808  3.783  4.072  4.233  4.336  4.491  4.519  4.559  

10 3.248  3.509  3.616  3.677  3.809  3.831  3.861  3.852  4.132  4.298  4.397  4.547  4.581  4.628  
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Table B.1.10 Results of parametric study for stiffened aluminium-alloy plates (no HAZ) under repeated impulsive pressure loadings 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=411.41; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =1 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.191  1.237  1.297  1.402  1.316  1.338  1.383  1.493  1.341  1.362  1.397  1.525  

2 1.214  1.319  1.390  1.478  1.375  1.444  1.502  1.604  1.438  1.520  1.602  1.676  

3 1.253  1.394  1.457  1.542  1.450  1.529  1.577  1.661  1.520  1.594  1.658  1.730  

4 1.297  1.445  1.509  1.593  1.510  1.588  1.630  1.698  1.584  1.644  1.692  1.758  

5 1.330  1.492  1.545  1.633  1.553  1.633  1.667  1.729  1.626  1.681  1.721  1.778  

6 1.352  1.528  1.581  1.665  1.586  1.664  1.698  1.753  1.655  1.706  1.740  1.795  

7 1.371  1.557  1.616  1.691  1.611  1.691  1.721  1.773  1.683  1.725  1.759  1.809  

8 1.390  1.583  1.647  1.712  1.634  1.712  1.742  1.791  1.700  1.739  1.775  1.819  

9 1.407  1.607  1.670  1.731  1.655  1.729  1.761  1.806  1.716  1.752  1.787  1.828  

10 1.424  1.629  1.686  1.748  1.673  1.744  1.778  1.817  1.729  1.765  1.796  1.836  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=411.41; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =2 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.283  1.487  1.757  2.181  1.740  2.003  2.251  2.750  1.970  2.260  2.559  3.057  

2 1.517  1.873  2.072  2.369  1.956  2.231  2.405  2.788  2.120  2.432  2.679  3.088  

3 1.669  2.046  2.252  2.517  2.062  2.401  2.553  2.862  2.299  2.591  2.784  3.118  

4 1.749  2.186  2.385  2.637  2.159  2.534  2.676  2.944  2.450  2.715  2.872  3.152  

5 1.810  2.292  2.493  2.732  2.244  2.639  2.774  3.013  2.566  2.813  2.943  3.184  

6 1.861  2.383  2.583  2.811  2.320  2.724  2.855  3.072  2.660  2.877  2.998  3.215  

7 1.902  2.459  2.659  2.880  2.369  2.792  2.917  3.123  2.724  2.927  3.042  3.244  

8 1.927  2.519  2.720  2.938  2.416  2.846  2.968  3.169  2.761  2.964  3.076  3.272  

9 1.942  2.567  2.770  2.989  2.461  2.888  3.014  3.210  2.789  2.993  3.102  3.297  

10 1.950  2.608  2.811  3.033  2.500  2.918  3.053  3.245  2.812  3.011  3.123  3.318  
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Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=411.41; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =4 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.154  1.476  1.703  2.326  1.639  1.920  2.293  2.983  1.863  2.287  2.654  3.320  

2 1.417  1.874  2.103  2.654  1.968  2.360  2.655  3.166  2.231  2.696  2.976  3.459  

3 1.543  2.108  2.401  2.869  2.218  2.627  2.890  3.314  2.498  2.950  3.180  3.579  

4 1.647  2.338  2.618  3.055  2.395  2.838  3.078  3.445  2.692  3.132  3.329  3.667  

5 1.739  2.524  2.785  3.202  2.509  2.988  3.215  3.547  2.822  3.263  3.450  3.744  

6 1.812  2.670  2.924  3.315  2.580  3.119  3.326  3.634  2.943  3.363  3.531  3.808  

7 1.868  2.786  3.046  3.405  2.624  3.220  3.423  3.711  2.987  3.447  3.610  3.864  

8 1.909  2.881  3.154  3.483  2.668  3.294  3.507  3.782  2.982  3.506  3.680  3.914  

9 1.940  2.961  3.248  3.552  2.702  3.354  3.575  3.845  2.960  3.552  3.729  3.955  

10 1.966  3.030  3.326  3.617  2.722  3.404  3.629  3.899  2.934  3.592  3.765  3.988  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=411.41; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =6 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.108  1.468  1.693  2.337  1.641  1.952  2.311  3.027  1.866  2.314  2.685  3.346  

2 1.360  1.882  2.132  2.667  1.981  2.388  2.692  3.205  2.237  2.752  3.038  3.498  

3 1.534  2.124  2.426  2.892  2.253  2.648  2.946  3.371  2.526  3.020  3.254  3.637  

4 1.668  2.345  2.659  3.094  2.479  2.881  3.139  3.516  2.750  3.207  3.408  3.726  

5 1.777  2.544  2.826  3.257  2.623  3.038  3.282  3.619  2.916  3.338  3.529  3.809  

6 1.859  2.715  2.967  3.383  2.706  3.183  3.398  3.712  3.040  3.448  3.613  3.884  

7 1.931  2.839  3.096  3.486  2.755  3.296  3.503  3.797  3.113  3.538  3.698  3.943  

8 1.994  2.933  3.214  3.575  2.771  3.378  3.590  3.868  3.182  3.601  3.767  3.987  

9 2.051  3.014  3.317  3.655  2.784  3.450  3.659  3.924  3.246  3.656  3.812  4.020  

10 2.104  3.088  3.400  3.728  2.811  3.518  3.715  3.969  3.288  3.706  3.849  4.048  
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Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=809.2; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =1 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.075  1.139  1.184  1.250  1.207  1.237  1.282  1.367  1.254  1.289  1.341  1.410  

2 1.086  1.191  1.244  1.312  1.249  1.298  1.334  1.414  1.314  1.367  1.420  1.498  

3 1.121  1.243  1.298  1.361  1.304  1.362  1.392  1.457  1.382  1.430  1.478  1.547  

4 1.155  1.287  1.335  1.400  1.351  1.410  1.440  1.493  1.434  1.479  1.519  1.578  

5 1.180  1.321  1.362  1.432  1.388  1.450  1.477  1.524  1.470  1.518  1.553  1.605  

6 1.202  1.350  1.385  1.459  1.417  1.481  1.507  1.552  1.502  1.546  1.578  1.626  

7 1.225  1.373  1.407  1.480  1.442  1.505  1.532  1.576  1.527  1.569  1.598  1.644  

8 1.244  1.391  1.429  1.497  1.465  1.526  1.553  1.597  1.546  1.586  1.615  1.658  

9 1.262  1.407  1.448  1.512  1.485  1.544  1.572  1.615  1.563  1.600  1.630  1.671  

10 1.276  1.423  1.464  1.525  1.501  1.559  1.589  1.630  1.578  1.613  1.643  1.683  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=809.2; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =2 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.027  1.251  1.356  1.571  1.393  1.596  1.727  2.065  1.602  1.790  2.005  2.386  

2 1.147  1.441  1.568  1.771  1.616  1.785  1.909  2.161  1.819  1.998  2.169  2.459  

3 1.251  1.579  1.712  1.910  1.751  1.952  2.058  2.273  1.961  2.147  2.299  2.542  

4 1.327  1.691  1.818  2.015  1.843  2.067  2.176  2.369  2.069  2.262  2.401  2.622  

5 1.398  1.782  1.907  2.104  1.906  2.162  2.268  2.450  2.158  2.357  2.484  2.686  

6 1.457  1.860  1.984  2.178  1.959  2.240  2.342  2.519  2.237  2.432  2.556  2.738  

7 1.509  1.926  2.053  2.240  2.004  2.302  2.403  2.576  2.300  2.493  2.614  2.783  

8 1.552  1.983  2.112  2.293  2.046  2.355  2.458  2.625  2.347  2.545  2.661  2.823  

9 1.588  2.033  2.164  2.340  2.082  2.402  2.507  2.666  2.384  2.589  2.701  2.859  

10 1.619  2.075  2.207  2.381  2.111  2.442  2.551  2.703  2.411  2.623  2.737  2.891  
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Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=809.2; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =4 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 0.934  1.208  1.360  1.593  1.265  1.532  1.705  2.176  1.524  1.769  2.060  2.539  

2 1.019  1.420  1.583  1.826  1.535  1.792  1.974  2.374  1.784  2.090  2.349  2.745  

3 1.096  1.567  1.748  2.001  1.714  2.024  2.184  2.535  2.006  2.327  2.548  2.876  

4 1.181  1.694  1.889  2.148  1.843  2.197  2.358  2.669  2.188  2.496  2.693  2.992  

5 1.252  1.812  2.008  2.274  1.948  2.332  2.495  2.780  2.337  2.631  2.813  3.088  

6 1.314  1.916  2.114  2.383  2.037  2.453  2.607  2.874  2.434  2.737  2.907  3.166  

7 1.367  2.003  2.206  2.476  2.104  2.554  2.699  2.955  2.508  2.829  2.988  3.234  

8 1.411  2.077  2.287  2.556  2.153  2.637  2.777  3.027  2.568  2.902  3.060  3.293  

9 1.444  2.142  2.358  2.625  2.184  2.707  2.846  3.089  2.615  2.961  3.121  3.344  

10 1.465  2.200  2.421  2.686  2.196  2.766  2.906  3.144  2.646  3.012  3.172  3.385  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=809.2; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =6 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 0.972  1.207  1.372  1.602  1.305  1.533  1.732  2.181  1.533  1.801  2.085  2.574  

2 1.045  1.439  1.603  1.821  1.557  1.813  2.000  2.406  1.798  2.153  2.362  2.761  

3 1.101  1.583  1.765  2.003  1.747  2.028  2.225  2.585  2.052  2.388  2.566  2.909  

4 1.159  1.699  1.915  2.153  1.903  2.218  2.395  2.719  2.237  2.558  2.733  3.037  

5 1.219  1.817  2.040  2.285  2.009  2.362  2.535  2.833  2.382  2.696  2.859  3.132  

6 1.275  1.923  2.146  2.400  2.093  2.478  2.658  2.934  2.504  2.809  2.959  3.216  

7 1.321  2.018  2.238  2.499  2.158  2.578  2.756  3.022  2.586  2.900  3.048  3.295  

8 1.355  2.101  2.317  2.585  2.210  2.669  2.835  3.096  2.643  2.973  3.126  3.362  

9 1.375  2.174  2.386  2.660  2.247  2.748  2.902  3.158  2.693  3.038  3.184  3.414  

10 1.382  2.239  2.448  2.725  2.274  2.815  2.962  3.212  2.735  3.098  3.232  3.456  

 

 



304 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1121.3; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =1 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.047  1.100  1.135  1.191  1.157  1.185  1.222  1.298  1.203  1.239  1.288  1.358  

2 1.058  1.140  1.186  1.245  1.192  1.235  1.267  1.333  1.257  1.304  1.350  1.420  

3 1.084  1.182  1.227  1.289  1.241  1.290  1.319  1.371  1.318  1.359  1.398  1.461  

4 1.106  1.216  1.261  1.321  1.274  1.333  1.359  1.406  1.361  1.403  1.436  1.494  

5 1.130  1.245  1.288  1.347  1.303  1.365  1.391  1.435  1.395  1.438  1.467  1.519  

6 1.153  1.272  1.310  1.369  1.333  1.393  1.418  1.461  1.424  1.464  1.492  1.540  

7 1.173  1.294  1.330  1.389  1.356  1.416  1.442  1.483  1.449  1.486  1.514  1.559  

8 1.189  1.312  1.346  1.406  1.376  1.436  1.463  1.502  1.467  1.504  1.533  1.575  

9 1.201  1.326  1.359  1.420  1.392  1.454  1.481  1.518  1.481  1.520  1.548  1.589  

10 1.212  1.339  1.370  1.434  1.405  1.469  1.497  1.533  1.495  1.534  1.561  1.601  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1121.3; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =2 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.015  1.164  1.252  1.385  1.293  1.436  1.541  1.804  1.461  1.607  1.786  2.117  

2 1.092  1.309  1.406  1.552  1.462  1.614  1.700  1.915  1.641  1.807  1.947  2.205  

3 1.154  1.411  1.526  1.675  1.588  1.759  1.843  2.025  1.790  1.951  2.083  2.301  

4 1.219  1.492  1.615  1.761  1.664  1.857  1.941  2.114  1.887  2.058  2.177  2.383  

5 1.273  1.564  1.683  1.833  1.724  1.934  2.020  2.187  1.968  2.142  2.257  2.450  

6 1.313  1.631  1.739  1.898  1.780  2.000  2.089  2.250  2.035  2.213  2.323  2.505  

7 1.349  1.690  1.790  1.957  1.827  2.057  2.149  2.305  2.086  2.273  2.379  2.554  

8 1.381  1.739  1.837  2.011  1.870  2.107  2.201  2.354  2.124  2.323  2.427  2.597  

9 1.409  1.781  1.878  2.058  1.906  2.152  2.246  2.397  2.156  2.365  2.469  2.634  

10 1.435  1.819  1.914  2.101  1.936  2.191  2.286  2.435  2.183  2.402  2.506  2.666  
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Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1121.3; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =4 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 0.969  1.150  1.265  1.405  1.183  1.395  1.515  1.876  1.365  1.573  1.824  2.218  

2 0.992  1.292  1.426  1.582  1.396  1.603  1.736  2.041  1.609  1.832  2.069  2.414  

3 1.030  1.404  1.544  1.721  1.540  1.786  1.913  2.194  1.801  2.042  2.260  2.554  

4 1.064  1.495  1.643  1.838  1.647  1.930  2.067  2.321  1.968  2.207  2.403  2.669  

5 1.105  1.575  1.732  1.938  1.730  2.052  2.189  2.429  2.094  2.340  2.518  2.768  

6 1.144  1.649  1.814  2.025  1.794  2.155  2.288  2.521  2.183  2.440  2.614  2.848  

7 1.180  1.715  1.889  2.101  1.842  2.238  2.370  2.600  2.251  2.522  2.692  2.914  

8 1.215  1.773  1.958  2.168  1.879  2.308  2.441  2.666  2.305  2.593  2.757  2.975  

9 1.247  1.825  2.020  2.227  1.905  2.367  2.505  2.725  2.350  2.654  2.817  3.031  

10 1.275  1.873  2.075  2.280  1.922  2.418  2.563  2.778  2.382  2.705  2.873  3.082  

 

Plate Breadth, b=246 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1121.3; Tn,a=1.751 ms; Pc=0.469 MPa, number of stiffeners, Ns =6 

Pp/Pc 2.0 3.0 4.0 

td/Tn,a 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 0.970  1.152  1.276  1.415  1.200  1.386  1.516  1.882  1.380  1.585  1.838  2.243  

2 0.995  1.307  1.436  1.600  1.415  1.594  1.741  2.061  1.629  1.850  2.094  2.432  

3 1.028  1.418  1.561  1.731  1.555  1.788  1.924  2.227  1.834  2.072  2.291  2.584  

4 1.049  1.515  1.659  1.850  1.652  1.940  2.080  2.357  2.004  2.239  2.444  2.711  

5 1.073  1.598  1.746  1.957  1.734  2.060  2.209  2.467  2.139  2.377  2.560  2.810  

6 1.097  1.673  1.825  2.052  1.808  2.164  2.317  2.564  2.232  2.487  2.658  2.895  

7 1.122  1.737  1.898  2.135  1.868  2.254  2.404  2.648  2.299  2.574  2.747  2.970  

8 1.147  1.794  1.964  2.208  1.916  2.333  2.477  2.721  2.350  2.647  2.819  3.034  

9 1.168  1.845  2.024  2.271  1.951  2.402  2.543  2.783  2.395  2.714  2.878  3.088  

10 1.184  1.892  2.077  2.326  1.975  2.459  2.602  2.837  2.434  2.775  2.930  3.137  
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Table B.1.11 Results of parametric study for stiffened steel plates under repeated impulsive pressure loadings 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=522.74; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =1 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.304  1.400  1.454  1.597  1.353  1.418  1.473  1.707  1.369  1.479  1.571  1.777  

2 1.450  1.515  1.556  1.666  1.518  1.629  1.691  1.819  1.627  1.750  1.803  1.895  

3 1.540  1.589  1.614  1.709  1.604  1.675  1.721  1.843  1.682  1.771  1.820  1.911  

4 1.602  1.642  1.657  1.745  1.661  1.711  1.749  1.865  1.723  1.796  1.835  1.924  

5 1.653  1.685  1.695  1.776  1.703  1.743  1.772  1.884  1.751  1.815  1.846  1.934  

6 1.694  1.719  1.726  1.801  1.736  1.766  1.790  1.900  1.770  1.830  1.855  1.942  

7 1.731  1.749  1.754  1.825  1.762  1.786  1.805  1.915  1.783  1.845  1.864  1.947  

8 1.765  1.776  1.775  1.846  1.785  1.803  1.820  1.926  1.793  1.855  1.869  1.950  

9 1.794  1.797  1.791  1.865  1.801  1.820  1.834  1.935  1.800  1.862  1.874  1.950  

10 1.819  1.812  1.806  1.883  1.817  1.833  1.844  1.942  1.808  1.868  1.877  1.951  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=522.74; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =2 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.820  2.227  2.501  2.853  2.156  2.607  2.833  3.393  2.369  2.952  3.251  3.670  

2 2.178  2.476  2.666  2.920  2.399  2.729  2.912  3.380  2.584  3.020  3.243  3.649  

3 2.390  2.625  2.747  2.969  2.569  2.835  2.974  3.389  2.784  3.086  3.260  3.634  

4 2.526  2.712  2.814  3.025  2.709  2.931  3.039  3.411  2.912  3.151  3.287  3.632  

5 2.616  2.790  2.887  3.082  2.805  3.000  3.093  3.442  2.996  3.203  3.309  3.633  

6 2.700  2.869  2.948  3.126  2.898  3.056  3.136  3.481  3.051  3.241  3.339  3.645  

7 2.785  2.938  3.002  3.169  2.972  3.105  3.175  3.523  3.091  3.275  3.367  3.656  

8 2.866  3.004  3.043  3.212  3.029  3.149  3.211  3.559  3.119  3.302  3.384  3.665  

9 2.941  3.058  3.085  3.255  3.076  3.188  3.244  3.587  3.139  3.331  3.400  3.674  

10 3.012  3.100  3.121  3.296  3.115  3.218  3.275  3.611  3.161  3.341  3.416  3.685  
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Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=522.74; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =4 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.726  2.230  2.593  3.257  2.126  2.702  3.072  3.896  2.428  3.037  3.461  4.286  

2 2.261  2.729  2.955  3.451  2.602  3.108  3.364  3.987  2.933  3.405  3.716  4.319  

3 2.529  2.993  3.171  3.575  2.912  3.309  3.520  4.051  3.191  3.603  3.835  4.352  

4 2.731  3.163  3.317  3.681  3.128  3.437  3.640  4.108  3.380  3.735  3.921  4.386  

5 2.902  3.287  3.439  3.775  3.286  3.545  3.734  4.162  3.520  3.833  3.989  4.416  

6 3.047  3.402  3.537  3.857  3.405  3.642  3.812  4.215  3.621  3.906  4.045  4.446  

7 3.172  3.491  3.622  3.932  3.515  3.731  3.879  4.267  3.697  3.971  4.095  4.473  

8 3.285  3.578  3.679  3.999  3.608  3.804  3.936  4.311  3.760  4.023  4.129  4.497  

9 3.381  3.637  3.729  4.064  3.689  3.865  3.994  4.347  3.819  4.065  4.156  4.516  

10 3.474  3.690  3.776  4.124  3.762  3.918  4.039  4.380  3.864  4.099  4.182  4.540  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=522.74; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =6 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.731  2.253  2.634  3.302  2.159  2.747  3.171  3.933  2.480  3.103  3.539  4.298  

2 2.255  2.775  3.029  3.530  2.653  3.189  3.464  4.034  3.002  3.477  3.757  4.360  

3 2.557  3.069  3.270  3.688  2.991  3.421  3.639  4.125  3.285  3.674  3.900  4.419  

4 2.784  3.258  3.437  3.808  3.207  3.573  3.764  4.202  3.492  3.818  4.001  4.471  

5 2.983  3.400  3.571  3.916  3.381  3.695  3.860  4.267  3.637  3.926  4.079  4.513  

6 3.175  3.526  3.681  4.001  3.526  3.795  3.941  4.321  3.741  4.008  4.143  4.548  

7 3.328  3.597  3.771  4.078  3.644  3.881  4.010  4.371  3.820  4.077  4.192  4.578  

8 3.472  3.663  3.847  4.142  3.744  3.954  4.069  4.409  3.886  4.137  4.227  4.604  

9 3.598  3.722  3.911  4.201  3.827  4.016  4.122  4.440  3.944  4.184  4.258  4.627  

10 3.707  3.768  3.968  4.255  3.899  4.072  4.169  4.466  4.001  4.223  4.287  4.652  
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Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=897.66; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =1 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.220  1.326  1.371  1.469  1.274  1.376  1.425  1.547  1.323  1.395  1.458  1.617  

2 1.344  1.423  1.446  1.526  1.387  1.464  1.510  1.636  1.458  1.571  1.634  1.745  

3 1.422  1.486  1.497  1.570  1.467  1.523  1.558  1.676  1.533  1.615  1.669  1.774  

4 1.475  1.531  1.538  1.609  1.526  1.569  1.594  1.708  1.583  1.650  1.694  1.794  

5 1.518  1.569  1.572  1.642  1.570  1.604  1.624  1.734  1.619  1.677  1.716  1.810  

6 1.555  1.602  1.605  1.668  1.607  1.632  1.648  1.758  1.644  1.698  1.732  1.823  

7 1.590  1.632  1.635  1.690  1.635  1.657  1.669  1.779  1.662  1.716  1.746  1.832  

8 1.621  1.659  1.658  1.712  1.659  1.678  1.687  1.797  1.675  1.733  1.755  1.838  

9 1.650  1.683  1.678  1.732  1.680  1.697  1.703  1.811  1.687  1.746  1.763  1.842  

10 1.675  1.702  1.696  1.753  1.698  1.712  1.717  1.824  1.700  1.756  1.769  1.844  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=897.66; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =2 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.522  1.783  1.916  2.259  1.794  2.124  2.340  2.772  2.027  2.433  2.693  3.136  

2 1.880  2.092  2.173  2.408  2.080  2.315  2.477  2.812  2.269  2.580  2.764  3.155  

3 2.075  2.264  2.321  2.509  2.242  2.440  2.567  2.887  2.417  2.693  2.841  3.221  

4 2.213  2.377  2.429  2.597  2.366  2.536  2.648  2.982  2.535  2.799  2.926  3.293  

5 2.319  2.476  2.526  2.676  2.472  2.627  2.736  3.080  2.643  2.887  3.008  3.343  

6 2.397  2.568  2.605  2.748  2.560  2.727  2.816  3.176  2.731  2.961  3.081  3.395  

7 2.474  2.649  2.678  2.821  2.635  2.808  2.890  3.261  2.804  3.028  3.146  3.443  

8 2.540  2.721  2.736  2.896  2.700  2.883  2.958  3.326  2.869  3.088  3.193  3.482  

9 2.604  2.779  2.792  2.971  2.765  2.950  3.025  3.386  2.924  3.135  3.229  3.515  

10 2.668  2.829  2.843  3.042  2.824  3.007  3.086  3.436  2.975  3.174  3.263  3.545  
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Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=897.66; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =4 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.492  1.741  2.000  2.437  1.746  2.167  2.458  3.064  1.995  2.479  2.828  3.551  

2 1.913  2.175  2.344  2.707  2.198  2.560  2.761  3.252  2.438  2.871  3.115  3.695  

3 2.181  2.422  2.561  2.876  2.454  2.768  2.946  3.392  2.711  3.066  3.293  3.824  

4 2.367  2.605  2.726  3.010  2.642  2.939  3.092  3.532  2.905  3.242  3.443  3.944  

5 2.524  2.748  2.859  3.127  2.796  3.069  3.222  3.669  3.058  3.391  3.568  4.038  

6 2.660  2.862  2.966  3.244  2.935  3.195  3.342  3.790  3.194  3.513  3.674  4.120  

7 2.784  2.966  3.064  3.365  3.056  3.317  3.454  3.898  3.305  3.613  3.761  4.184  

8 2.894  3.064  3.154  3.486  3.166  3.425  3.556  3.990  3.394  3.697  3.823  4.238  

9 2.992  3.154  3.237  3.609  3.264  3.521  3.649  4.066  3.475  3.767  3.875  4.283  

10 3.093  3.234  3.314  3.725  3.360  3.604  3.729  4.125  3.550  3.823  3.922  4.326  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=897.66; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =6 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.470  1.767  2.018  2.461  1.757  2.219  2.472  3.169  2.037  2.546  2.887  3.571  

2 1.881  2.187  2.380  2.744  2.201  2.597  2.804  3.349  2.490  2.916  3.157  3.710  

3 2.157  2.449  2.624  2.933  2.478  2.832  3.007  3.518  2.773  3.142  3.342  3.857  

4 2.374  2.650  2.802  3.083  2.685  2.994  3.162  3.680  2.964  3.314  3.486  3.985  

5 2.546  2.805  2.944  3.213  2.853  3.132  3.295  3.828  3.132  3.459  3.612  4.087  

6 2.699  2.936  3.059  3.317  2.994  3.250  3.412  3.955  3.266  3.580  3.722  4.182  

7 2.840  3.040  3.159  3.409  3.117  3.347  3.518  4.061  3.377  3.684  3.817  4.261  

8 2.968  3.128  3.247  3.502  3.232  3.446  3.614  4.142  3.474  3.773  3.891  4.322  

9 3.081  3.201  3.320  3.593  3.338  3.534  3.703  4.207  3.558  3.847  3.952  4.368  

10 3.182  3.274  3.384  3.684  3.436  3.614  3.780  4.265  3.637  3.909  4.006  4.421  
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Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1406.55; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =1 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.151  1.214  1.250  1.343  1.204  1.302  1.345  1.434  1.272  1.356  1.402  1.490  

2 1.260  1.308  1.333  1.397  1.309  1.364  1.404  1.497  1.363  1.439  1.494  1.605  

3 1.331  1.362  1.381  1.433  1.379  1.414  1.447  1.540  1.426  1.490  1.539  1.644  

4 1.378  1.402  1.418  1.465  1.429  1.454  1.484  1.576  1.474  1.532  1.574  1.674  

5 1.417  1.435  1.453  1.497  1.467  1.487  1.514  1.608  1.510  1.564  1.603  1.696  

6 1.449  1.467  1.484  1.521  1.500  1.517  1.539  1.637  1.536  1.589  1.624  1.713  

7 1.478  1.495  1.513  1.546  1.525  1.541  1.562  1.663  1.557  1.613  1.643  1.726  

8 1.506  1.522  1.534  1.568  1.550  1.563  1.583  1.685  1.575  1.634  1.657  1.737  

9 1.533  1.543  1.554  1.588  1.570  1.583  1.602  1.704  1.591  1.652  1.670  1.745  

10 1.557  1.560  1.571  1.609  1.590  1.600  1.618  1.721  1.608  1.667  1.682  1.752  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1406.55; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =2 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.313  1.513  1.616  1.843  1.534  1.794  1.940  2.303  1.753  2.078  2.274  2.696  

2 1.639  1.778  1.854  2.015  1.815  1.994  2.095  2.396  2.009  2.254  2.400  2.780  

3 1.824  1.943  1.998  2.141  1.984  2.118  2.220  2.526  2.173  2.409  2.546  2.929  

4 1.952  2.062  2.100  2.248  2.112  2.229  2.341  2.678  2.320  2.559  2.701  3.094  

5 2.053  2.154  2.184  2.350  2.217  2.340  2.469  2.839  2.449  2.703  2.844  3.198  

6 2.137  2.238  2.269  2.458  2.317  2.449  2.596  2.981  2.563  2.835  2.962  3.285  

7 2.209  2.317  2.350  2.576  2.416  2.555  2.720  3.112  2.675  2.945  3.066  3.363  

8 2.275  2.397  2.426  2.704  2.512  2.654  2.833  3.220  2.786  3.034  3.148  3.425  

9 2.337  2.473  2.505  2.830  2.603  2.748  2.932  3.292  2.878  3.102  3.204  3.470  

10 2.404  2.546  2.584  2.944  2.685  2.840  3.011  3.354  2.962  3.161  3.252  3.510  
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Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1406.55; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =4 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.295  1.469  1.638  1.929  1.485  1.816  1.991  2.466  1.707  2.093  2.355  2.943  

2 1.609  1.793  1.931  2.162  1.874  2.116  2.283  2.712  2.080  2.457  2.672  3.200  

3 1.831  2.007  2.122  2.328  2.115  2.323  2.480  2.922  2.328  2.699  2.922  3.410  

4 1.998  2.170  2.267  2.473  2.292  2.495  2.656  3.143  2.542  2.934  3.163  3.647  

5 2.129  2.301  2.400  2.612  2.442  2.661  2.838  3.383  2.746  3.161  3.401  3.833  

6 2.243  2.416  2.515  2.763  2.585  2.832  3.027  3.615  2.940  3.382  3.606  3.977  

7 2.346  2.520  2.645  2.945  2.723  3.017  3.231  3.794  3.123  3.566  3.756  4.109  

8 2.443  2.618  2.769  3.168  2.861  3.221  3.431  3.927  3.293  3.705  3.854  4.214  

9 2.535  2.714  2.898  3.405  2.994  3.414  3.600  4.032  3.431  3.809  3.933  4.290  

10 2.628  2.807  3.041  3.609  3.121  3.580  3.728  4.120  3.554  3.888  3.996  4.350  

 

Plate Breadth, b=800 mm; αi=Inertia moment/stiffener spacing/(t3/12)=1406.55; Tn =13.072 ms; Pc=0.513 MPa, number of stiffeners, Ns =6 

Pp/Pc 3.0 4.0 5.0 

td/Tn 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 0.6 0.9 1.2 2.5 

Impact, N wp,stiff /wp,unstiff wp,stiff /wp,unstiff wp,stiff /wp,unstiff 

1 1.301  1.476  1.633  1.938  1.487  1.831  2.024  2.511  1.721  2.118  2.394  2.994  

2 1.619  1.809  1.935  2.203  1.861  2.145  2.317  2.727  2.109  2.483  2.689  3.178  

3 1.835  2.039  2.139  2.386  2.111  2.367  2.522  2.918  2.377  2.719  2.919  3.390  

4 2.007  2.207  2.299  2.536  2.303  2.536  2.684  3.116  2.581  2.929  3.141  3.598  

5 2.149  2.349  2.434  2.675  2.462  2.687  2.827  3.329  2.761  3.140  3.377  3.826  

6 2.272  2.474  2.556  2.826  2.604  2.834  2.976  3.527  2.934  3.357  3.617  4.055  

7 2.383  2.584  2.665  2.996  2.742  2.981  3.127  3.742  3.099  3.580  3.806  4.197  

8 2.484  2.688  2.773  3.201  2.878  3.122  3.295  3.910  3.263  3.761  3.933  4.307  

9 2.581  2.788  2.888  3.451  3.006  3.251  3.489  4.044  3.419  3.897  4.020  4.395  

10 2.677  2.890  3.009  3.669  3.138  3.378  3.667  4.154  3.567  3.998  4.087  4.473  
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B.2 Results of rebound velocity 

Table B.2.1 Comparisons of predictions and test results of single beams for rebound velocity of striker 

Impact, 

N 

LT-R1, V0=3961 mm/s LT-R2, V0=3132 mm/s 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

1 0.308 0.360 0.447  0.469 0.404 0.469  

2 0.378 0.465 0.526  0.511 0.475 0.552  

3 0.451 0.545 0.566  0.523 0.548 0.593  

4 0.480 0.597 0.587  0.540 0.611 0.616  

5 0.498 0.631 0.600  0.585 0.655 0.629  

6 0.520 0.657 0.608  0.619 0.688 0.637  

7 0.535 0.678 0.613  0.626 0.713 0.643  

Impact, 

N 

LT-L1, V0=3961 mm/s LT-L2, V0=3132 mm/s 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

1 0.4245 0.379  0.457  0.4393 0.433 0.480  

2 - 0.476  0.539  - 0.496 0.565  

3 - 0.554  0.579  - 0.561 0.608  

4 - 0.606  0.601  - 0.620 0.631  

5 - 0.641  0.614  - 0.665 0.644  

6 - 0.667  0.622  - 0.699 0.653  

7 - 0.688  0.628  - 0.726 0.658  
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Table B.2.2 Comparisons of predictions and test results of grillages for rebound velocity of striker  

Impact, 

N 

G-R-1, V0=3132 mm/s G-R-2, V0=2801.4 mm/s 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

1 0.651 0.662 0.606  0.714 0.700 0.620  

2 0.680 0.727 0.714  0.765 0.762 0.730  

3 0.713 0.765 0.767  0.774 0.796 0.785  

4 0.713 0.790 0.796  0.791 0.817 0.815  

5 0.772 0.806 0.814  0.819 0.831 0.832  

6 0.797 0.818 0.824  0.834 0.839 0.843  

7 0.796 0.826 0.831  0.813 0.845 0.851  

8 0.778 0.834 0.836  0.817 0.849 0.855  

9 0.761 0.837 0.840  0.813 0.851 0.859  

10 0.777 0.840 0.842  0.828 0.854 0.862  

11 0.803 0.845 0.844  0.836 0.857 0.864  

12 0.827 0.847 0.846  0.818 0.859 0.865  

13 0.850 0.848 0.847  0.824 0.859 0.866  

14 0.786 0.849 0.848  0.833 0.860 0.867  

15 0.806 0.849 0.848  0.860 0.860 0.868  

16 0.829 0.851 0.849  0.866 0.862 0.869  

17 0.826 0.851 0.850  0.864 0.861 0.869  

18 0.849 0.852 0.850  0.870 0.862 0.870  

19 0.878 0.854 0.850  0.884 0.863 0.870  

20 - - - 0.890 0.864 0.870  

21 - - - 0.864 0.864 0.871  

22 - - - 0.860 0.865 0.871  

Impact, 

N 

G-L-1, V0=3132 mm/s G-L-2, V0=3132 mm/s 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

Vr,Exp./V0 

[-] 

Vr,Num./V0 

[-] 

Vr,Eq. (3.24)/V0 

[-] 

1 0.741 0.715 0.629  0.671 0.613 0.588  

2 0.769 0.773 0.741  0.734 0.690 0.693  

3 0.807 0.803 0.796  0.784 0.740 0.745  

4 0.830 0.824 0.826  0.798 0.779 0.774  

5 0.843 0.836 0.844  0.804 0.798 0.790  

6 0.842 0.844 0.855  0.794 0.819 0.801  
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C. Experiments 

C.1 Experimental setup for the grillage 

 

 

Fig. C.1.1 Installation for cooling the model 

 

(a) Cooling 



315 

 

(b) After removal of dry ice and ethanol 

Fig. C.1.2 Installation of the model for low temperature tests 

 

 
(a) End of longitudinal beam 
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(b) End of transverse beam 

Fig. C.1.3 Installation of the ends of the model 
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C.2 Deformation shape of the tested model 

 

 

(a) 1st impact 

 

(b) 2nd impact 
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(c) 9th impact 

 

(d) 10th impact 
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(e) 18th impact 

 

(f) 19th impact 

Fig. C.2.1 Deformation shape of model G-R-1 
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(a) 1st impact 

 

(b) 2nd impact 
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(c) 10th impact 

 

(d) 11th impact 
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(e) 21st impact 

 

(f) 22nd impact 

Fig. C.2.2 Deformation shape of model G-R-2 
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(a) 1st impact 

 

(b) 2nd impact 
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(c) 4th impact  

Fig. C.2.3 Deformation shape of model G-L-1 

 

 

(a) 2nd impact 
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(b) 6th impact 

Fig. C.2.4 Deformation shape of model G-L-2 

 

 
Fig. C.2.5 Measuring permanent deflections for the grillage G-L-2
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C.3 Results of measured permanent deflection 

 

Table C.3.1 Measured deflection profiles of model G-R-1 

Distance 

[mm] 

Initial 

deflection 

Deflection [mm] 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th 

-550 

(Junction) 
454 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

-500 453.8 -0.300 0.500 0.000 1.000 -0.345 -0.358 -0.324 -0.361 -0.408 -0.441 -0.458 -0.455 -0.442 -0.488 -0.532 -0.450 -0.489 -0.510 -0.494 

-475 454 -0.500 0.500 0.000 1.000 -0.563 -0.572 -0.579 -0.628 -0.697 -0.717 -0.774 -0.792 -0.803 -0.819 -0.863 -0.813 -0.865 -0.855 -0.884 

-450 454.2 -0.700 0.500 0.000 1.000 -0.806 -0.887 -0.895 -0.994 -1.020 -1.127 -1.165 -1.207 -1.229 -1.236 -1.295 -1.285 -1.368 -1.372 -1.356 

-425 454.4 -0.900 0.500 0.000 0.000 -1.104 -1.224 -1.252 -1.339 -1.440 -1.537 -1.613 -1.644 -1.663 -1.721 -1.793 -1.763 -1.843 -1.886 -1.879 

-400 454.5 -1.000 0.500 -1.000 0.000 -1.442 -1.597 -1.611 -1.775 -1.849 -1.992 -2.071 -2.146 -2.183 -2.218 -2.331 -2.305 -2.393 -2.415 -2.432 

-375 454.7 -1.200 0.500 -1.000 0.000 -1.765 -1.950 -2.036 -2.172 -2.320 -2.447 -2.542 -2.637 -2.657 -2.739 -2.818 -2.856 -2.949 -2.964 -2.980 

-350 454.9 -1.400 0.500 -1.000 -1.000 -2.073 -2.243 -2.384 -2.585 -2.718 -2.863 -2.992 -3.084 -3.166 -3.227 -3.344 -3.354 -3.458 -3.507 -3.577 

-325 455.1 -1.600 -0.500 -2.000 -1.000 -2.474 -2.680 -2.878 -3.068 -3.252 -3.409 -3.536 -3.671 -3.739 -3.824 -3.948 -3.937 -4.085 -4.151 -4.183 

-300 455.3 -1.800 -0.500 -2.000 -2.000 -2.862 -3.147 -3.332 -3.583 -3.783 -3.941 -4.124 -4.256 -4.315 -4.433 -4.556 -4.574 -4.759 -4.761 -4.824 

-275 455.5 -2.000 -0.500 -3.000 -2.000 -3.314 -3.605 -3.841 -4.098 -4.331 -4.519 -4.706 -4.841 -4.949 -5.063 -5.157 -5.217 -5.372 -5.472 -5.479 

-250 455.7 -2.200 -1.500 -3.000 -2.000 -3.726 -4.079 -4.332 -4.614 -4.856 -5.104 -5.287 -5.447 -5.569 -5.708 -5.820 -5.912 -6.021 -6.093 -6.193 

-225 455.9 -2.400 -1.500 -3.000 -3.000 -4.206 -4.565 -4.826 -5.235 -5.423 -5.702 -5.911 -6.078 -6.245 -6.348 -6.491 -6.599 -6.736 -6.824 -6.881 

-200 456.1 -2.600 -1.500 -4.000 -3.000 -4.627 -5.056 -5.325 -5.728 -6.044 -6.288 -6.501 -6.702 -6.864 -7.003 -7.140 -7.308 -7.391 -7.517 -7.570 

-175 456.25 -2.750 -2.500 -4.000 -4.000 -5.052 -5.478 -5.842 -6.274 -6.545 -6.885 -7.108 -7.275 -7.458 -7.646 -7.797 -7.906 -8.077 -8.189 -8.293 

-150 456.4 -2.900 -2.500 -5.000 -4.000 -5.507 -6.076 -6.345 -6.786 -7.185 -7.474 -7.752 -7.971 -8.119 -8.313 -8.486 -8.635 -8.817 -8.915 -9.017 

-125 456.52 -3.020 -2.500 -5.000 -5.000 -6.005 -6.548 -6.870 -7.367 -7.760 -8.087 -8.371 -8.614 -8.802 -9.018 -9.213 -9.251 -9.501 -9.675 -9.731 

-100 456.65 -3.150 -3.500 -5.000 -5.000 -6.468 -7.060 -7.424 -7.918 -8.401 -8.738 -9.009 -9.263 -9.431 -9.694 -9.843 -10.021 -10.187 -10.408 -10.483 

-75 456.8 -3.300 -3.500 -6.000 -6.000 -6.867 -7.485 -7.870 -8.497 -8.890 -9.322 -9.622 -9.875 -10.104 -10.337 -10.500 -10.695 -10.859 -11.007 -11.114 
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-50 456.9 -3.400 -4.500 -6.000 -6.000 -7.300 -7.916 -8.345 -8.980 -9.414 -9.860 -10.127 -10.391 -10.635 -10.921 -11.051 -11.321 -11.539 -11.683 -11.795 

-25 457.1 -3.600 -4.500 -6.000 -7.000 -7.657 -8.342 -8.785 -9.418 -9.945 -10.318 -10.672 -10.945 -11.227 -11.464 -11.642 -11.858 -12.119 -12.288 -12.433 

0 

(Mid-length-

impact point) 

457.15 -3.650 -5.500 -6.600 -7.400 -7.974 -8.662 -9.129 -9.769 
-

10.310 
-10.695 -11.104 -11.379 -11.661 -11.907 -12.073 -12.347 -12.562 -12.755 -12.938 

25 457.1 -3.600 -5.500 -6.000 -7.000 -7.748 -8.417 -8.854 -9.493 -9.989 -10.374 -10.742 -11.050 -11.300 -11.616 -11.801 -11.988 -12.271 -12.470 -12.596 

50 456.9 -3.400 -5.500 -6.000 -7.000 -7.333 -7.976 -8.379 -8.983 -9.442 -9.818 -10.201 -10.440 -10.704 -10.984 -11.161 -11.343 -11.594 -11.780 -11.937 

75 456.8 -3.300 -5.500 -6.000 -7.000 -6.854 -7.444 -7.815 -8.375 -8.809 -9.199 -9.509 -9.779 -10.008 -10.258 -10.448 -10.623 -10.877 -11.031 -11.159 

100 456.6 -3.100 -5.500 -5.000 -6.000 -6.324 -6.900 -7.208 -7.782 -8.194 -8.536 -8.798 -9.057 -9.298 -9.541 -9.706 -9.827 -10.128 -10.284 -10.339 

125 456.4 -2.900 -5.500 -5.000 -6.000 -5.797 -6.302 -6.641 -7.143 -7.533 -7.870 -8.128 -8.353 -8.620 -8.781 -8.922 -9.088 -9.367 -9.504 -9.587 

150 456.3 -2.800 -5.500 -4.000 -5.000 -5.297 -5.790 -6.121 -6.589 -6.910 -7.228 -7.479 -7.690 -7.936 -8.090 -8.248 -8.437 -8.632 -8.776 -8.803 

175 456.1 -2.600 -5.500 -4.000 -5.000 -4.826 -5.221 -5.539 -5.985 -6.298 -6.600 -6.803 -6.998 -7.247 -7.387 -7.527 -7.667 -7.843 -8.063 -8.072 

200 455.9 -2.400 -4.500 -3.000 -4.000 -4.338 -4.699 -4.992 -5.389 -5.690 -5.971 -6.177 -6.330 -6.505 -6.671 -6.756 -6.953 -7.151 -7.296 -7.306 

225 455.7 -2.200 -4.500 -3.000 -4.000 -3.809 -4.195 -4.424 -4.798 -5.084 -5.298 -5.518 -5.644 -5.840 -6.025 -6.106 -6.260 -6.345 -6.457 -6.557 

250 455.4 -1.900 -3.500 -2.000 -3.000 -3.342 -3.639 -3.873 -4.231 -4.455 -4.647 -4.813 -5.013 -5.187 -5.355 -5.394 -5.518 -5.672 -5.773 -5.860 

275 455.2 -1.700 -3.500 -2.000 -3.000 -2.858 -3.146 -3.344 -3.635 -3.885 -4.030 -4.227 -4.342 -4.532 -4.650 -4.690 -4.797 -4.904 -5.066 -5.055 

300 455 -1.500 -3.500 -1.000 -2.000 -2.468 -2.721 -2.894 -3.173 -3.369 -3.537 -3.686 -3.828 -3.920 -4.018 -4.084 -4.196 -4.346 -4.417 -4.439 

325 454.7 -1.200 -2.500 -1.000 -2.000 -2.084 -2.259 -2.455 -2.697 -2.866 -2.971 -3.116 -3.221 -3.340 -3.412 -3.466 -3.571 -3.716 -3.752 -3.813 

350 454.5 -1.000 -2.500 -1.000 -2.000 -1.681 -1.825 -1.995 -2.112 -2.315 -2.481 -2.523 -2.644 -2.781 -2.804 -2.905 -2.939 -3.011 -3.155 -3.176 

375 454.3 -0.800 -1.500 0.000 -1.000 -1.246 -1.402 -1.500 -1.641 -1.789 -1.918 -2.009 -2.155 -2.148 -2.243 -2.284 -2.311 -2.416 -2.474 -2.493 

400 454 -0.500 -1.500 0.000 -1.000 -0.942 -1.092 -1.139 -1.260 -1.364 -1.462 -1.589 -1.615 -1.695 -1.712 -1.751 -1.783 -1.861 -1.937 -1.967 

425 453.8 -0.300 -1.500 0.000 0.000 -0.647 -0.722 -0.790 -0.861 -0.960 -1.022 -1.111 -1.153 -1.225 -1.240 -1.223 -1.307 -1.322 -1.368 -1.368 

450 453.6 -0.100 -1.500 0.000 0.000 -0.371 -0.437 -0.420 -0.470 -0.557 -0.600 -0.680 -0.766 -0.770 -0.783 -0.766 -0.773 -0.846 -0.906 -0.859 

475 453.5 0.000 -0.500 0.000 0.000 -0.148 -0.211 -0.176 -0.231 -0.252 -0.317 -0.349 -0.372 -0.412 -0.406 -0.330 -0.428 -0.430 -0.460 -0.438 

500 453.2 0.300 -0.500 0.000 0.000 0.035 0.031 0.064 0.094 0.047 -0.004 -0.037 -0.053 -0.052 -0.058 -0.025 -0.045 -0.079 -0.085 -0.067 

550 

(Junction) 
453 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table C.3.2 Measured deflection profiles of model G-R-2 

Distance 

[mm] 

Initial 

deflection 

Deflection [mm] 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th 20th 21st 22nd 

-550 

(Junction) 
26.327 -0.043 -0.057 -0.026 -0.041 -0.037 -0.011 -0.030 -0.050 -0.020 -0.025 -0.025 -0.015 0.017 -0.041 0.002 -0.004 -0.037 -0.006 0.004 -0.008 0.009 0.009 

-500 26.435 -0.162 -0.214 -0.220 -0.288 -0.299 -0.308 -0.341 -0.337 -0.344 -0.364 -0.355 -0.393 -0.404 -0.463 -0.390 -0.356 -0.425 -0.425 -0.414 -0.431 -0.417 -0.415 

-475 26.418 -0.275 -0.401 -0.418 -0.451 -0.560 -0.529 -0.592 -0.625 -0.596 -0.625 -0.637 -0.695 -0.674 -0.822 -0.725 -0.708 -0.729 -0.722 -0.767 -0.780 -0.781 -0.780 

-450 26.523 -0.333 -0.483 -0.588 -0.627 -0.694 -0.717 -0.820 -0.842 -0.868 -0.900 -0.943 -0.982 -0.958 -0.989 -1.019 -1.021 -1.043 -1.086 -1.073 -1.076 -1.093 -1.111 

-425 26.594 -0.414 -0.595 -0.719 -0.816 -0.917 -0.950 -1.053 -1.098 -1.126 -1.164 -1.207 -1.265 -1.280 -1.306 -1.311 -1.317 -1.412 -1.426 -1.397 -1.422 -1.438 -1.439 

-400 26.669 -0.483 -0.708 -0.889 -1.001 -1.111 -1.167 -1.285 -1.362 -1.382 -1.459 -1.483 -1.619 -1.563 -1.613 -1.616 -1.643 -1.734 -1.726 -1.751 -1.780 -1.801 -1.819 

-375 26.794 -0.578 -0.881 -1.080 -1.237 -1.344 -1.420 -1.567 -1.641 -1.744 -1.745 -1.811 -1.938 -1.920 -1.958 -1.962 -1.996 -2.095 -2.106 -2.134 -2.167 -2.208 -2.181 

-350 26.914 -0.704 -1.048 -1.291 -1.472 -1.599 -1.705 -1.854 -1.985 -2.024 -2.109 -2.155 -2.261 -2.252 -2.343 -2.347 -2.384 -2.465 -2.497 -2.547 -2.556 -2.618 -2.614 

-325 27.011 -0.838 -1.240 -1.489 -1.721 -1.924 -2.025 -2.186 -2.290 -2.378 -2.446 -2.525 -2.626 -2.682 -2.774 -2.776 -2.778 -2.892 -2.977 -2.949 -2.952 -3.026 -3.083 

-300 27.157 -0.903 -1.358 -1.695 -1.891 -2.100 -2.235 -2.417 -2.575 -2.652 -2.763 -2.836 -2.941 -3.019 -3.091 -3.118 -3.180 -3.260 -3.312 -3.317 -3.346 -3.418 -3.456 

-275 27.289 -1.022 -1.552 -1.871 -2.189 -2.365 -2.565 -2.749 -2.882 -3.006 -3.087 -3.195 -3.312 -3.391 -3.478 -3.484 -3.531 -3.630 -3.686 -3.743 -3.800 -3.810 -3.856 

-250 27.417 -1.169 -1.689 -2.100 -2.406 -2.641 -2.842 -3.047 -3.209 -3.336 -3.450 -3.555 -3.707 -3.757 -3.837 -3.892 -3.936 -4.073 -4.141 -4.174 -4.226 -4.292 -4.309 

-225 27.537 -1.245 -1.892 -2.338 -2.660 -2.910 -3.134 -3.363 -3.520 -3.650 -3.817 -3.942 -4.098 -4.101 -4.192 -4.313 -4.382 -4.493 -4.552 -4.575 -4.639 -4.705 -4.773 

-200 27.670 -1.406 -2.066 -2.544 -2.924 -3.190 -3.455 -3.700 -3.892 -4.039 -4.179 -4.306 -4.491 -4.581 -4.642 -4.681 -4.782 -4.925 -4.971 -5.057 -5.092 -5.146 -5.196 

-175 27.796 -1.525 -2.243 -2.800 -3.186 -3.483 -3.745 -4.032 -4.263 -4.398 -4.558 -4.697 -4.901 -5.008 -5.097 -5.139 -5.206 -5.340 -5.468 -5.484 -5.518 -5.597 -5.662 

-150 27.922 -1.695 -2.479 -3.083 -3.519 -3.841 -4.140 -4.438 -4.678 -4.850 -4.999 -5.188 -5.386 -5.463 -5.531 -5.592 -5.694 -5.829 -5.933 -6.006 -6.059 -6.152 -6.198 

-125 28.013 -1.811 -2.674 -3.306 -3.751 -4.103 -4.462 -4.783 -5.010 -5.209 -5.386 -5.558 -5.737 -5.870 -5.942 -6.023 -6.135 -6.275 -6.415 -6.455 -6.489 -6.583 -6.680 

-100 28.023 -2.011 -2.920 -3.621 -4.120 -4.523 -4.853 -5.194 -5.456 -5.682 -5.870 -6.051 -6.278 -6.379 -6.471 -6.543 -6.665 -6.795 -6.935 -7.007 -7.085 -7.154 -7.270 

-75 28.155 -2.103 -3.101 -3.853 -4.397 -4.792 -5.148 -5.524 -5.803 -6.016 -6.231 -6.426 -6.653 -6.785 -6.830 -6.946 -7.081 -7.232 -7.363 -7.445 -7.518 -7.610 -7.707 

-50 28.227 -2.236 -3.303 -4.103 -4.667 -5.132 -5.499 -5.910 -6.193 -6.428 -6.641 -6.858 -7.100 -7.263 -7.302 -7.412 -7.597 -7.708 -7.844 -7.948 -8.048 -8.135 -8.207 

-25 28.290 -2.347 -3.511 -4.342 -4.982 -5.437 -5.855 -6.250 -6.572 -6.818 -7.018 -7.248 -7.523 -7.691 -7.768 -7.850 -7.995 -8.181 -8.305 -8.382 -8.506 -8.605 -8.708 
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0 

(Mid-length-

impact point) 

28.350 -2.453 -3.649 -4.507 -5.199 -5.607 -6.073 -6.512 -6.840 -7.101 -7.343 -7.557 -7.811 -8.005 -8.091 -8.195 -8.328 -8.478 -8.690 -8.727 -8.853 -8.909 -9.047 

25 28.385 -2.337 -3.521 -4.359 -5.045 -5.471 -5.875 -6.279 -6.640 -6.898 -7.108 -7.364 -7.601 -7.752 -7.874 -7.933 -8.063 -8.270 -8.408 -8.494 -8.565 -8.658 -8.779 

50 28.404 -2.235 -3.339 -4.109 -4.761 -5.145 -5.517 -5.941 -6.232 -6.465 -6.716 -6.941 -7.173 -7.290 -7.383 -7.515 -7.621 -7.794 -7.964 -8.033 -8.102 -8.230 -8.285 

75 28.396 -2.111 -3.142 -3.916 -4.467 -4.859 -5.234 -5.588 -5.905 -6.116 -6.322 -6.539 -6.756 -6.899 -6.967 -7.085 -7.162 -7.352 -7.485 -7.558 -7.633 -7.716 -7.802 

100 28.451 -1.962 -2.929 -3.617 -4.155 -4.524 -4.842 -5.180 -5.444 -5.680 -5.876 -6.115 -6.282 -6.394 -6.423 -6.591 -6.665 -6.837 -6.960 -7.037 -7.115 -7.175 -7.261 

125 28.507 -1.811 -2.693 -3.349 -3.819 -4.139 -4.447 -4.817 -5.055 -5.269 -5.444 -5.638 -5.810 -5.924 -6.014 -6.098 -6.214 -6.345 -6.461 -6.549 -6.597 -6.670 -6.708 

150 28.537 -1.676 -2.460 -3.056 -3.520 -3.806 -4.104 -4.403 -4.671 -4.828 -5.013 -5.198 -5.380 -5.501 -5.511 -5.651 -5.746 -5.843 -5.991 -6.029 -6.084 -6.155 -6.222 

175 28.517 -1.541 -2.264 -2.838 -3.240 -3.511 -3.797 -4.078 -4.278 -4.455 -4.614 -4.765 -4.910 -5.040 -5.122 -5.170 -5.249 -5.401 -5.501 -5.558 -5.626 -5.627 -5.729 

200 28.475 -1.414 -2.077 -2.579 -2.960 -3.211 -3.470 -3.723 -3.914 -4.085 -4.210 -4.384 -4.520 -4.613 -4.615 -4.745 -4.839 -4.932 -5.035 -5.070 -5.139 -5.204 -5.240 

225 28.454 -1.255 -1.866 -2.331 -2.716 -2.883 -3.140 -3.353 -3.534 -3.698 -3.834 -3.970 -4.099 -4.195 -4.214 -4.309 -4.362 -4.485 -4.593 -4.625 -4.694 -4.703 -4.752 

250 28.504 -1.118 -1.627 -2.062 -2.391 -2.590 -2.788 -3.000 -3.173 -3.318 -3.452 -3.554 -3.665 -3.766 -3.792 -3.867 -3.909 -4.007 -4.136 -4.134 -4.196 -4.221 -4.275 

275 28.522 -0.992 -1.461 -1.857 -2.117 -2.294 -2.474 -2.716 -2.844 -2.958 -3.077 -3.196 -3.299 -3.386 -3.335 -3.471 -3.546 -3.599 -3.670 -3.711 -3.775 -3.784 -3.841 

300 28.523 -0.883 -1.275 -1.639 -1.870 -2.046 -2.203 -2.373 -2.489 -2.592 -2.708 -2.780 -2.912 -2.981 -2.989 -3.080 -3.063 -3.194 -3.261 -3.277 -3.344 -3.352 -3.405 

325 28.482 -0.783 -1.103 -1.426 -1.613 -1.768 -1.932 -2.074 -2.172 -2.297 -2.373 -2.467 -2.576 -2.597 -2.589 -2.709 -2.697 -2.775 -2.861 -2.876 -2.937 -2.930 -2.961 

350 28.429 -0.616 -0.946 -1.227 -1.365 -1.557 -1.634 -1.767 -1.841 -1.997 -2.025 -2.106 -2.217 -2.238 -2.195 -2.306 -2.286 -2.416 -2.448 -2.480 -2.529 -2.525 -2.550 

375 28.376 -0.558 -0.780 -1.023 -1.159 -1.303 -1.382 -1.478 -1.554 -1.623 -1.730 -1.774 -1.832 -1.918 -1.885 -1.989 -1.949 -2.046 -2.067 -2.068 -2.154 -2.103 -2.142 

400 28.322 -0.451 -0.636 -0.859 -0.950 -1.055 -1.138 -1.220 -1.270 -1.370 -1.407 -1.461 -1.536 -1.580 -1.548 -1.622 -1.611 -1.671 -1.704 -1.717 -1.756 -1.738 -1.776 

425 28.270 -0.396 -0.512 -0.695 -0.760 -0.854 -0.887 -0.990 -1.011 -1.089 -1.095 -1.161 -1.190 -1.280 -1.227 -1.263 -1.265 -1.291 -1.379 -1.358 -1.398 -1.353 -1.392 

450 28.272 -0.250 -0.395 -0.524 -0.558 -0.631 -0.672 -0.747 -0.779 -0.808 -0.828 -0.865 -0.895 -0.952 -0.898 -0.992 -0.929 -0.968 -1.020 -1.015 -1.036 -1.010 -1.029 

475 28.224 -0.209 -0.292 -0.379 -0.410 -0.449 -0.476 -0.524 -0.521 -0.601 -0.547 -0.614 -0.615 -0.645 -0.652 -0.662 -0.631 -0.650 -0.728 -0.698 -0.745 -0.711 -0.752 

500 28.264 -0.139 -0.170 -0.267 -0.240 -0.275 -0.295 -0.313 -0.315 -0.343 -0.340 -0.356 -0.387 -0.431 -0.353 -0.432 -0.370 -0.385 -0.428 -0.425 -0.424 -0.394 -0.407 

550 

(Junction) 
28.302 0.042 0.057 0.026 0.040 0.037 0.011 0.029 0.049 0.019 0.025 0.025 0.015 -0.017 0.040 -0.002 0.004 0.037 0.005 -0.004 0.008 -0.009 -0.009 
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Table C.3.3 Measured deflection profiles of model G-L-1 

Distance 

[mm] 

Initial 

deflection 

Deflection [mm] 

1st impact 2nd impact 3rd impact 4th impact 5th impact 6th impact 

-550 

(Junction) 
26.309 0.000 0.000 0.000 0.000 0.000 0.000 

-500 26.171 -0.150 -0.250 -0.300 -0.350 -0.380 -0.400 

-475 26.272 -0.250 -0.350 -0.450 -0.550 -0.600 -0.620 

-450 26.226 -0.350 -0.500 -0.650 -0.750 -0.800 -0.870 

-425 26.230 -0.460 -0.700 -0.900 -1.000 -1.100 -1.150 

-400 26.246 -0.600 -0.900 -1.100 -1.250 -1.350 -1.420 

-375 26.272 -0.750 -1.100 -1.300 -1.480 -1.600 -1.700 

-350 26.282 -0.880 -1.300 -1.500 -1.700 -1.840 -1.975 

-325 26.261 -0.990 -1.500 -1.700 -1.950 -2.100 -2.242 

-300 26.280 -1.140 -1.700 -1.900 -2.200 -2.361 -2.468 

-275 26.281 -1.290 -1.850 -2.100 -2.389 -2.547 -2.678 

-250 26.296 -1.390 -2.050 -2.300 -2.617 -2.806 -2.932 

-225 26.270 -1.550 -2.200 -2.528 -2.789 -2.995 -3.134 

-200 26.273 -1.680 -2.423 -2.684 -2.952 -3.218 -3.377 

-175 26.274 -1.850 -2.540 -2.826 -3.150 -3.395 -3.606 

-150 26.305 -1.990 -2.732 -3.049 -3.352 -3.690 -3.870 

-125 26.297 -2.150 -2.868 -3.249 -3.555 -3.917 -4.101 

-100 26.314 -2.300 -3.047 -3.459 -3.803 -4.123 -4.362 

-75 26.277 -2.404 -3.234 -3.700 -3.972 -4.367 -4.578 

-50 26.317 -2.563 -3.371 -3.900 -4.247 -4.625 -4.874 

-25 26.318 -2.672 -3.497 -4.142 -4.490 -4.833 -5.117 

0 
(Mid-length-

impact point) 
26.288 -2.711 -3.568 -4.195 -4.638 -5.054 -5.284 

25 26.277 -2.700 -3.474 -4.050 -4.494 -4.844 -5.189 

50 26.280 -2.621 -3.321 -3.900 -4.285 -4.557 -4.891 

75 26.144 -2.471 -3.200 -3.620 -3.972 -4.211 -4.557 

100 26.124 -2.324 -2.953 -3.365 -3.680 -3.942 -4.261 

125 26.009 -2.100 -2.799 -3.100 -3.387 -3.700 -3.934 

150 25.913 -1.950 -2.575 -2.900 -3.150 -3.352 -3.636 

175 25.800 -1.750 -2.378 -2.700 -2.850 -3.100 -3.400 

200 25.710 -1.580 -2.132 -2.400 -2.650 -2.839 -3.100 

225 25.619 -1.450 -1.940 -2.200 -2.400 -2.626 -2.850 

250 25.476 -1.300 -1.729 -2.000 -2.200 -2.400 -2.600 

275 25.402 -1.170 -1.500 -1.800 -2.000 -2.200 -2.400 

300 25.257 -1.000 -1.300 -1.600 -1.800 -2.000 -2.100 

325 25.207 -0.850 -1.150 -1.400 -1.580 -1.700 -1.900 
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350 25.086 -0.750 -0.950 -1.200 -1.400 -1.500 -1.700 

375 25.012 -0.600 -0.800 -1.000 -1.150 -1.250 -1.450 

400 24.896 -0.500 -0.650 -0.800 -0.900 -1.000 -1.230 

425 24.779 -0.400 -0.500 -0.600 -0.750 -0.800 -1.000 

450 24.714 -0.300 -0.400 -0.400 -0.550 -0.600 -0.800 

475 24.670 -0.200 -0.300 -0.350 -0.400 -0.450 -0.600 

500 24.649 -0.100 -0.200 -0.200 -0.270 -0.300 -0.350 

550 

(Junction) 
24.652 0.000 0.000 0.000 0.000 0.000 0.000 

 

Table C.3.4 Measured deflection profiles of model G-L-2 

Distance 

[mm] 

Initial 

deflection 

Deflection [mm] 

1st impact 2nd impact 3rd impact 4th impact 5th impact 6th impact 

550 

(Junction) 
-26.798 -0.100 -0.110 -0.120 -0.130 -0.140 -0.150 

-500 -26.589 -0.200 -0.350 -0.450 -0.550 -0.700 -1.000 

-475 -26.605 -0.500 -0.650 -0.900 -1.100 -1.300 -1.600 

-450 -26.581 -0.800 -1.150 -1.500 -1.700 -1.900 -2.300 

-425 -26.578 -1.150 -1.600 -2.050 -2.250 -2.490 -3.000 

-400 -26.584 -1.500 -2.052 -2.700 -2.850 -3.044 -3.700 

-375 -26.608 -1.900 -2.528 -3.300 -3.571 -3.653 -4.489 

-350 -26.614 -2.200 -3.031 -3.800 -4.180 -4.275 -5.164 

-325 -26.660 -2.450 -3.320 -4.400 -4.742 -4.900 -5.889 

-300 -26.664 -2.750 -3.757 -4.900 -5.278 -5.513 -6.471 

-275 -26.670 -3.130 -4.228 -5.500 -5.887 -6.140 -7.158 

-250 -26.699 -3.415 -4.565 -6.100 -6.560 -6.835 -7.914 

-225 -26.734 -3.738 -4.978 -6.700 -7.051 -7.430 -8.400 

-200 -26.757 -4.035 -5.440 -7.300 -7.798 -8.166 -9.068 

-175 -26.721 -4.385 -5.930 -7.880 -8.451 -8.973 -9.752 

-150 -26.724 -4.683 -6.313 -8.400 -9.042 -9.549 -10.394 

-125 -26.633 -4.991 -6.699 -9.000 -9.560 -10.094 -11.300 

-100 -26.604 -5.461 -7.164 -9.556 -10.254 -10.849 -12.044 

-75 -26.568 -5.681 -7.567 -10.144 -10.862 -11.520 -12.954 

-50 -26.539 -5.941 -7.977 -10.635 -11.588 -12.255 -13.610 

-25 -26.478 -6.165 -8.529 -11.340 -12.249 -13.007 -14.538 

0 (Mid-

length) 
-26.440 -6.401 -8.938 -11.915 -12.702 -13.794 -15.300 

12 (impact 

point) 
 -6.400 -9.098 -12.133 -12.978 -14.073 -15.500 

25 -26.436 -6.278 -9.098 -12.000 -12.853 -14.073 -15.310 
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50 -26.394 -6.025 -8.669 -11.409 -11.975 -13.292 -14.470 

75 -26.342 -5.817 -8.126 -10.779 -11.190 -12.617 -13.530 

100 -26.302 -5.419 -7.644 -10.076 -10.449 -11.784 -12.647 

125 -26.231 -5.111 -7.060 -9.407 -9.776 -10.926 -11.764 

150 -26.092 -4.770 -6.622 -8.642 -8.951 -10.114 -10.849 

175 -26.043 -4.438 -6.077 -8.052 -8.270 -9.444 -10.029 

200 -25.934 -4.069 -5.594 -7.299 -7.612 -8.685 -9.203 

225 -25.838 -3.666 -5.053 -6.614 -6.817 -7.891 -8.283 

250 -25.694 -3.333 -4.512 -5.983 -6.192 -7.105 -7.474 

275 -25.571 -3.010 -4.034 -5.256 -5.481 -6.296 -6.768 

300 -25.409 -2.700 -3.499 -4.623 -4.670 -5.655 -6.037 

325 -25.283 -2.327 -2.978 -3.850 -4.000 -4.821 -5.338 

350 -25.150 -1.900 -2.465 -3.197 -3.276 -3.988 -4.414 

375 -24.990 -1.550 -1.990 -2.543 -2.686 -3.291 -3.600 

400 -24.834 -1.200 -1.597 -1.960 -2.180 -2.556 -2.900 

425 -24.711 -0.900 -1.200 -1.353 -1.606 -1.932 -2.300 

450 -24.579 -0.600 -0.900 -1.100 -1.200 -1.343 -1.600 

475 -24.481 -0.400 -0.600 -0.800 -0.900 -1.000 -1.100 

500 -24.395 -0.200 -0.300 -0.400 -0.500 -0.600 -0.700 

550 

(Junction) 
-24.311 -0.100 -0.110 -0.120 -0.130 -0.140 -0.150 
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C.4 Measured strain histories 

 

Fig. C.4.1 Measured strain histories of models G-R-1 and G-R-2 
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(a) After cooling 

 

(b) 1st and 2nd impacts 

Fig. C.4.2 Measured strain histories of model G-L-1 
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(a) After cooling 

 

(b) 1st impact 
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(c) 2nd impact 

 

(d) 3rd impact 
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(e) 4th impact 

 

(f) 5th impact 
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(g) 6th impact 

Fig. C.4.3 Measured strain histories of model G-L-2 
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C.5 Recorded temperatures of low temperature tests 

 

(a) for the 1st and 2nd impacts 

 

(b) for the 3rd and 4th impacts 
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(c) for the 5th and 6th impacts 

Fig. C.5.1 Recorded temperature histories of model G-L-1 

 

(a) for the first four impacts 
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(b) for the 5th and 6th impacts 

Fig. C.5.2 Recorded temperature histories of model G-L-2 
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