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Abstract. Materials and structures for marine applications often require to 
combine high mechanical performance with lightness. Sandwich structures based 
on polymeric or metallic cores are traditional lightweight solutions for marine 
applications. However, common sandwich structures do not always offer a suitable 
protection from some ordinary in-service events such as low-velocity impacts with 
floating and submerged objects or with docks. The design of more efficient 
lightweight protective systems for marine applications, may take inspiration from 
nature, which developed incredible solutions throughout millions of years of 
evolution. In the current work, bamboo structure was studied and subjected to 
mechanical tests. The results of the analysis allowed the identification of some 
structural characteristics which make the investigated materials efficient in impact 
absorption. Consequently, some bio-inspired designs were suggested with the aim 
of improving low-velocity impact resistance of some marine structures, providing 
good structural performance and lightweight properties. 
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1. Introduction 

Design of marine structures is often subjected to a double constraint: providing excellent 
structural performance and reducing weight. Lightness is an essential feature for marine 
structures and materials for several reasons [1], ranging from fuel consumption stability issues. 
Low-velocity impact resistance is one of the structural requirements that marine structures 
have to provide, since low-speed collisions occur as a result of ordinary in-service events [2]. 

Common lightweight solutions for marine industry are fibre-reinforced composites, 
which provide interesting properties, but are also vulnerable to impact damage [2]. Innovative 
alternatives may be suggested by the observation of nature, according to the principles of 
biomimetics, which can inspire original engineering designs. However, an effective imitation 
of natural structures requires  deep investigations [3]. 

An example of lightweight natural structure which drew scientists’ attention was bamboo. 
Bamboo stems constitutive structure [4] includes fibres oriented along the longitudinal 
direction, whereas in the radial direction has a graded cellular microstructure, with decreasing 
density from the outside to the inside. Bamboo properties have been investigated from several 
points of view. For instance, Keogh et al. [5] studied the fatigue phenomena in bamboo. Some 
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bamboo-inspired structures can also be found in literature. An example is provided by Fu et al. 
[6], who introduced a tubular energy absorbing structure, with the outer and inner walls 
connected by longitudinal elements. 

Bamboo has attracted also the attention of the marine industry. Though, except for some 
simple structures, such as rafts [7], the main marine applications currently available for 
bamboo are limited to composites based on bamboo fibres ([8], [9]). 

A common feature of many natural materials is the presence of a hierarchical 
organization, which affects their functions and properties. Zhang et al. [10] combined this 
concept with the energy absorption capabilities of honeycomb structures, to develop 
crashworthy bio-inspired hierarchical honeycombs. Crashworthy honeycomb-based structures 
were also developed by Crupi et al. [11] and by Palomba et al. [12] enhancing the 
performance of traditional aluminium honeycomb sandwich structures respectively with glass 
fibre-reinforced skins or by combining two different honeycomb layers. 

The current work is focused on the mechanical investigation of bamboo, in order to 
examine the structure-property relationships, with particular attention to impact response. The 
obtained results may suggest some potential bio-inspired designs for lightweight impact-
resistant structures, with possible applications in the marine industry. 

2. Experimental investigation 

The preliminary experimental investigation on a natural structure was performed on samples 
of a bamboo called Moso (Phyllostachys Pubescens), which is one of the most common 
bamboo species for structural applications. Bamboo culms were obtained from a local supplier 
(Bamboo Suppliers of Ireland, Dublin). The graded structure of bamboo may affect the energy 
absorption in the radial direction, which was never studied in literature, thus more information 
on such behaviour is required. 

In the current work, low-velocity impact tests were performed both on the inside and on 
the outside of the bamboo structure. Tubular samples of bamboo, were obtained from bamboo 
culms avoiding the nodes. Each tube was sectioned in the longitudinal direction to obtain 
semi-circular samples. In order to obtain similar conditions during the two types of impact 
tests, a rigid support was provided under the specimens tested on the outside. The impactor 
was a rounded-ended steel cylinder of 1.325 kg, whose impact energy was varied by causing it 
to fall from different heights. The applied device allowed a maximum impact energy of 9.4 J. 
The test setup is schematised in Figure 1. 

3. Preliminary results 

Specimens were divided on the basis of their thickness t into three groups: 4 mm ≤ t ≤ 5 mm; 
5 mm < t ≤ 6 mm and 6 mm < t ≤ 9 mm. Each group was tested at different impact energies, 
in order to assess the critical energy Ec required to produce a crack propagation. 

The critical energy was evaluated as the average between an energy level which produced 
only local indentation and the following one which produced crack propagation. The average 
thickness of each group and the corresponding critical energy are reported in Figure 2. It is 
evident that both from inside and outside impacted specimens, critical energy varies almost 
linearly with the thickness. Impact side seems to not influence Ec values, except for the group 
with the larger thickness.  

 



Figure 1. Impact test setup. 

Figure 2: Critical energy VS thickness. 
Specimens impacted on the inside surface at the critical energy experienced a wider local 

damage in the impact area and a propagation of a crack, starting from the inside to the outside. 
However, critical impact energy on the inside did not produce a complete failure of the 
samples, instead crack propagated across the thickness but stopped before reaching the outer 
surface. 

Further tests were performed in order to find the energy required to produce the complete 
failure of specimens impacted on the inside. The maximum feasible impact energy, equal to 
9.4 J, was applied to three specimens with an average thickness of 9.5 mm. However, none of 
the tests produced the complete failure of the samples, instead crack propagated up to about 
the 80% of the thickness. The different behaviour between outside and inside impacted 
specimens can be observed in Figure 3. 

Figure 3. Damaged area and crack propagation of specimens impacted a) on the outside and b) on the inside. 

The above observations suggest that bamboo’s graded structure may have a significant 
role on the impact response. The softer inside layers, characterised by lower fibre density, may 
act as an energy absorbing structure, with a gradual crush of the cells. Such phenomena may 
enhance the impact resistance of the structure when impacted from the inside. In addition, 

a)                                                                   b) 



when a crack propagates from the inside to the outside, it meets outer layers richer in fibre 
content, which may be responsible for crack stopping. 

According to Low et al. [13], bamboo hardness decreased from the outside to the inside. 
Similar conclusions were reported also by Tan et al. [14]. In the same they also demonstrated 
that inside notched specimens had a higher resistance curve than the outside crack samples. 
Such difference was attributed to crack tip shielding through cellulose crack bridging, which 
was more evident in inside layers. 

4. Preliminary conclusions and ongoing activities 

The detected impact response of bamboo can be related to a combination of mechanisms 
strongly related to the graded structure. Further investigations are needed to deepen the 
knowledge of the interactions among different phenomena and the variables influencing them. 
However, preliminary observations suggest that graded structures are potential candidates to 
improve crashworthiness in several applications, also in the marine industry. Taking 
inspiration from the phenomena involved in bamboo impact response, a graded structure may 
be designed for marine industry applications which require a good low-velocity impact 
response combined with lightweight properties. 

References 

[1] P. Noury, B. Hayman, D. McGeorge, and J. Weitzenböck, Lightweight construction for advanced 
shipbuilding-recent development, in: Proc. 37th WEGEMT Summer Sch., 2002. 

[2] L.S. Sutherland, A review of impact testing on marine composite materials: Part I – Marine impacts 
on marine composites, Compos. Struct. 188 (2018) 197–208. 

[3] X. Zhenhai, Biomimetic Principles and Design of Advanced Engineering Materials, John Wiley & 
Sons, 2016. 

[4] U.G.K. Wegst, H. Bai, E. Saiz, A.P. Tomsia, and R.O. Ritchie, Bioinspired structural materials, 
Nat. Mater. 14 (2015) 23–36. 

[5] L. Keogh, P. O’Hanlon, P. O’Reilly, and D. Taylor, Fatigue in bamboo, Int. J. Fatigue. 75 (2015) 
51–56. 

[6] J. Fu, Q. Liu, K. Liufu, Y. Deng, J. Fang, and Q. Li, Design of bionic-bamboo thin-walled 
structures for energy absorption, Thin-Walled Struct. 135 (2019) 400–413. 

[7] M.P. Ansell, Natural fibre composites in a marine environment, Nat. Fibre Compos. (2014) 365–
374. 

[8] S. Corradi, T. Isidori, M. Corradi, F. Soleri, and L. Olivari, Composite boat hulls with bamboo 
natural fibres, Int. J. Mater. Prod. Technol. 36 (2009) 73. 

[9] S.S. Suhaily, A.H.P.S. Khalil, W.O.W. Nadirah, and M. Jawaid, Bamboo Based Biocomposites 
Material, Design and Applications, in: H.P.S.A. Khalil (Ed.), Mater. Sci. - Adv. Top., IntechOpen, 
Rijeka, 2013: p. Ch. 19. 

[10] Y. Zhang, M. Lu, C.H. Wang, G. Sun, and G. Li, Out-of-plane crashworthiness of bio-inspired self-
similar regular hierarchical honeycombs, Compos. Struct. 144 (2016) 1–13. 

[11] V. Crupi, E. Kara, G. Epasto, E. Guglielmino, and H. Aykul, Theoretical and experimental analysis 
for the impact response of glass fibre reinforced aluminium honeycomb sandwiches, J. Sandw. 
Struct. Mater. 20 (2018) 42–69. 

[12] G. Palomba, G. Epasto, V. Crupi, and E. Guglielmino, Single and double-layer honeycomb 
sandwich panels under impact loading, Int. J. Impact Eng. 121 (2018) 77–90. 

[13] I.M. Low, Z.Y. Che, B.A. Latella, and K.S. Sim, Mechanical and Fracture Properties of Bamboo, 
Key Eng. Mater. 312 (2006) 15–20. 

[14] T. Tan, N. Rahbar, S.M. Allameh, S. Kwofie, D. Dissmore, K. Ghavami, and W.O. Soboyejo, 
Mechanical properties of functionally graded hierarchical bamboo structures, Acta Biomater. 7 
(2011) 3796–3803. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


