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SUMMARY 

 

The contemporary environmental challenges faced by the maritime industry have triggered a regain of interest in wood 

as a sustainable material. Modern classics and replicas of historical vessels have been increasingly popular. However, 

owing to their historical nature and small market share, wooden yachts and small ships do not benefit from a robust and 

detailed regulatory framework. Instead, their structural design remains driven by designer and builder experience, 

historical scantlings and rules of thumb. As such, the lack of detailed regulations for the scantlings of traditional timber 

vessels has been identified as a limitation to their wider implementation in the maritime industry. Consequently, this 

paper explores existing regulations and recent experimental research to provide novel insights into wooden structures 

and their associated scantling rules. First, a classification of wooden boatbuilding techniques is offered. Then, the lower 

carbon footprint of traditional carvel construction compared to modern cold moulding, strip planking, and plywood 

construction is quantified. Finally, recommendations are provided regarding the remaining outstanding research 

questions that need to be addressed to ensure reliable traditional wooden boat scantlings in modern regulations. It is 

anticipated these findings will facilitate the wider adoption of wooden construction for small crafts, support the use of 

more sustainable materials, and may further contribute to the development of future regulations. 

 

 

NOMENCLATURE 

 

𝑐  Curvature coefficient [-] 

𝐶𝑓  Carbon footprint of hull [kg kg-1 m-2] 

𝐶𝑚  Carbon footprint of boatbuilding method [kg kg-1] 

𝑘  Aspect ratio coefficient [-] 

𝐿  Rule length [m] 

𝐿OA  Overall length of hull [m] 

𝐿WT  Waterline length [m] 

𝑚  Mass of hull [kg m-2] 

𝑃  Design pressure [kPa] 

𝑠  Short side of panel [mm] 

𝑡  Planking thickness [mm] 

 

𝜌  Density [kg m-3] 

𝜎𝑑  Design stress [MPa] 

𝜎uf  Ultimate flexural strength [MPa] 

 

ABS  American Bureau of Shipping 

GL  Germanischer Loyd 

ISO  International Organization for Standardization  

 

1. INTRODUCTION 

 

Wooden boats have been predominant throughout history [1, 2, 3], prior to the advent of metal [4, 5] and, more recently, 

composite construction [6, 7]. The significant progress in adhesives associated with the latter [8] has led to the 

development of modern timber construction, namely cold moulding, strip planking and plywood, all relying on epoxy 

and modern adhesives for timber encapsulation. This alleviates the expansion of timber with increasing moisture content 

[9, 10] as found in traditional wooden construction, namely carvel and clinker (also known as lapstrake), where planks 

are left exposed to the environment. Carvel relies on caulked seams to cope with the swelling of planks with increasing 

moisture content, while clinker construction employs overlapping planks. 

 

The past decade has seen a regain of interest in historical wooden boats and their analysis using modern naval 

architecture techniques [11, 12, 13, 14, 15]. This is further evidenced in the development of modern replicas [16, 17, 18, 

19, 20, 21], new builds [22, 23] and wooden cargo vessels [24, 25, 26]. Yet, there remains a lack of regulations to 

support the adoption of traditional wooden boatbuilding techniques for sustainability purposes [27, 28, 29], leading to 

new considerations for the regulatory implications of timber constructions [30, 31] and regulatory compliance [32, 33]. 

Pre-1950 designs, whether original historical crafts or replicas built predominantly with the original materials, are 

beyond the scope of legislation [34, 35] and associated structural regulations (e.g. ISO 12215-5:2019 [36]). In fact, 
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regulatory frameworks primarily focus on modern wooden construction [37, 38]. While plank thicknesses are provided 

for a given estimated shell area by Germanischer Lloyd (GL) [39], only the American Bureau of Shipping (ABS) [40] 

features traditional construction with dedicated scantling calculations. 

 

Because clinker is less common than carvel, it has received comparatively less attention, but for the recent work of 

Loscombe [12, 41]. As a result, clinker scantlings are adjusted from carvel ones, instead of tackled in their own right. 

While ABS [40] does not cover clinker, GL [39] states that, for a given planking thickness, stiffener spacing can be 

increased by 65% for clinker compared to carvel. The guidelines of Gerr [42] also support the underlying assumption 

that greater strength is achieved with clinked construction thanks to the overlapping planks, recommending that, for a 

given stiffener spacing, clinker planking thickness can be reduced to 85% of that of carvel. Finally, the MGN 628 [43] 

gives, on average, plating thicknesses 24% thinner for clinker compared to carvel for a given vessel size. 

 

Consequently, this paper focuses on carvel construction and further limits its scope to the shell planking thickness. The 

aim is to characterise the environmental benefits of traditional compared to modern timber construction, as well as 

identify critical areas currently overlooked by existing regulations in order to support its future wider implementation in 

small craft regulations. The remainder of this paper is structured as follows. Section 2 offers a classification of modern 

versus traditional wooden construction. Then, Section 3 tackles the current regulatory scantlings and identifies the 

benefits of traditional wooden boatbuilding. Subsequently, structural challenges beyond the scope of current regulatory 

bodies are discussed in Section 4 to provide novel insights into traditional wooden construction. Finally, the main 

findings are summarised in Section 5. 

 

2. MODERN VERSUS TRADITIONAL TIMBER CONSTRUCTION 

 

A simplified classification of the most commonly employed wooden boat construction methods is presented in Figure 1. 

A primary distinction is made between modern and traditional wooden boatbuilding. The former features a predominant 

use of modern adhesives (e.g. epoxy) to fully seal the timber from the outside environment, thereby maintaining a low 

moisture content. In addition, modern construction relies on machined timber, namely thin veneers, edge-machined 

strips and plywood, and commonly features a fibreglass sheathing. Three subcategories are presented here: cold 

moulding, strip planking and plywood (or plywood on frames), matching the options available for wooden construction 

under ISO 12215-5:2019 [36]. On the other hand, traditional boatbuilding requires the planking to absorb moisture and 

swell to yield a watertight hull. Planks are made from solid timber and mechanically fastened to transverse stiffeners. 

Planks may either be laid edge-to-edge, with a small seam later caulked (carvel construction) or overlapping edges 

(clinker construction). 

 

 

Figure 1. Classification of the main wooden boatbuilding methods for small crafts. Illustrations taken from [44] for cold 

moulding, [45] for strip planking, [46] for plywood on frames, [47] for carvel and [48] for clinker. 
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First, the application of existing regulations for small wooden crafts will be investigated in Section 3. Then, the specifics 

of traditional boatbuilding and associated challenges will be detailed in Section 4, with the intention to identify 

outstanding research questions and provide an overview of the limitations that may be associated with regulatory 

scantlings for carvel and clinker vessels. 

 

3. CONTENPORARY SCANTLINGS FOR STRUCTURAL DESIGN 

 

The planking thickness t of modern wooden boats is given in both ISO [36] and ABS [40] by an equation of the form 

 

𝑡 = 𝑐 𝑠√
𝑃 𝑘

 𝜎𝑑

, (1) 

 

where 𝑐 is a curvature correction coefficient taken as 1 (i.e. no curvature), 𝑠 is the short side of the panel, 𝑃 is the design 

pressure, 𝑘 is an aspect ratio coefficient taken as 0.5 for panel with an aspect ratio greater than or equal to 2, and  𝜎𝑑 is 

the design stress, based on the ultimate flexural strength, 𝜎uf. Equation (1) assumes a built-in beam a under uniformly 

distributed load [49]. 

 

For carvel, ABS [40] gives the planking thickness as 

 

𝑡 = 1.09(4.2 − 0.84√𝐿
4

) 𝑠√
𝑃

𝜎𝑑

, (2) 

 

where 𝐿 is 

 

𝐿 =
𝐿OA + 𝐿WL

2
, (3) 

 

and 𝐿OA and 𝐿WL are the overall hull length and waterline length, respectively. 

 

Despite varying pressure and material properties, rules and regulations have been shown to yield consistent scantlings 

[50]. To avoid bias in the subsequent analysis, a pressure range 0 kPa ≤ 𝑃 ≤ 150 kPa is adopted, representing small 

craft pressures [51]. It is noted that longitudinal pressure distributions vary between ISO [36], ABS [40] and GL [39], 

and thus could impact scantlings for individual panels under different regulations. In this work, the mechanical 

properties are taken as defined by ISO 12215-5:2019 [36] and the short side of the panel is constrained to the practical 

ranges employed in small wooden boat building (see Table 1). Note that ISO [36] does not provide scantlings for carvel 

construction, while ABS [40] does not cover strip planking.  

 

For the purpose of the paper, the assumptions inherent to the materials and associated properties for each boatbuilding 

technique are detailed in Table 1. Eco-properties, in the form of the carbon footprint 𝐶𝑓 are provided [52], and account 

for the timber used, necessary machining, and epoxy (cold moulding and strip planking), phenol-formaldehyde 

(plywood) or copper nails (carvel and clinker), as relevant. 

 

Table 1. Boatbuilding techniques, assumed construction material [10, 42, 53] and material properties [36, 52]. 

 

Construction Method Cold moulding String Planking Plywood Carvel  

Stiffener spacing, 𝑠 [mm] 0 ≤  𝑠 ≤  360 0 ≤  𝑠 ≤  1200 0 ≤  𝑠 ≤  900 0 ≤  𝑠 ≤  360 

Wood species (common name) African mahogany Western red cedar 9 ply marine plywood European Oak 

Wood species (latin name) Khaya anthotheca Thuja plicata n/a Quercus spp. 

Wood density, 𝜌 [kg m-3] 514 368 500 689 

Ultimate flexural strength, 𝜎uf [MPa] 67 52 32 77 

Design stress, 𝜎𝑑 [MPa] 10 26 16 38.5 

Carbon footprint, 𝐶𝑚 [kg kg-1] 1.942 1.301 1.133 0.602 

 

The regulatory thicknesses, calculated according to ISO 12215-5:2019 [36] for cold moulding, strip planking and 

plywood, and based on ABS [40] for carvel are presented in Figure 2. Cold moulding yields significantly lower 
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thicknesses than the other boatbuilding methods under consideration. This may be expected given the original use of hot 

moulding for lightweight aircraft [54], before being adapted to yachts [55]. Note the difference in terminology between 

hot moulding and cold moulding, the former required the application of heat for the resin to cure, while advances in 

adhesives later enabled the curing process to take place at room temperature (cold moulding). 

 

 

Figure 2. Required planking thickness for (a) cold moulding [36], (b) strip planking [36], (c) plywood [36],  

and (d) carvel (and clinker) [40].  

 

In Figure 2, the carvel scantlings are given for 𝐿 = 15 m, i.e. in the middle of the range where ABS [40] applies  

(6 m ≤ 𝐿 ≤ 24 m). This is compared to the upper bound (minimum length 𝐿 = 6 m, maximum pressure 𝑃 = 150 kPa) 

and lower bound (maximum length 𝐿 = 24 m, minimum pressure 𝑃 = 10 kPa) of ABS [40] (Equation (2)), as well as 

the discrete values provided by GL [39], and the guidelines of Gerr [42] in Figure 3. There is a clear common trend 

across all three methods, despite their quantitative differences, which may be explained by their varied input parameters 

and associated assumptions. 

 

 

Figure 3. Comparison of the GL [39], ABS [40] and Gerr [42] carvel planking thickness. 
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Because different construction methods are associated with different timber species (see Table 1), with varying densities 

𝜌, the resulting hull mass per square meter 𝑚 can be computed as 

 

𝑚 = 𝑡𝜌. (4) 

 

The results are presented in Figure 4, further revealing the potential for cold moulding to achieve the lightest hull 

weights. Additionally, despite initially high thicknesses, the relatively low densities of western red cedar for strip 

planking (𝜌 = 368 kg m-3 [36]) and the marine plywood assumed (𝜌 = 500 kg m-3 [36, 53]) compared to that of oak for 

carvel (𝜌 = 689 kg m-3 [36]) makes the latter a much heavier option. Note that this finding remains valid for all species 

of timber commonly employed for carvel planking (e.g. larch, Douglas fir, mahogany, etc).  

 

 

Figure 4. Planking mass based on required thickness for (a) cold moulding [36], (b) strip planking [36], (c) plywood 

[36], and (d) carvel (and clinker) [40]. 

 

Carvel planking may, therefore, not appear as an obvious choice for contemporary wooden boatbuilding. However, 

carvel differs from modern wooden boatbuilding methods in its absence of adhesives, which have a high environmental 

impact. Indeed, the regain of interest for wooden boats has been driven by sustainability considerations, which has 

yielded investigation into the life cycle assessment of vessels [56, 57], including wooden boats [58], albeit with high 

uncertainty as life cycle assessments for small crafts remain to be improved [59]. Nevertheless, assessing the carbon 

footprint per meter squared of hull shell 𝐶𝑓 for the four construction methods under consideration using Equation (5) 

shows carvel to have the lowest carbon footprint, as evidenced in Figure 5. 

 
𝐶𝑓 = 𝑚 𝐶𝑚 (5) 

 

The benefits of carvel construction from an environmental point of view demonstrated in this section justify the 

increasing need for its inclusion in rules and regulations to support sustainable developments in small craft design and 

construction. Recent work [33], however, has highlighted the difficulty in achieving a reliable rule-based thickness 

equation for traditional wooden boatbuilding owing to some specific structural features and considerations not accounted 

for by regulatory bodies, and for which a thorough understanding remains lacking. Consequently, Section 4 tackles the 

challenges associated with traditional construction to identify the outstanding research questions to be answered in order 

to include traditional wooden construction methods in modern structural regulations. 
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Figure 5. Carbon footprint for planking based on required thickness for (a) cold moulding [36], (b) strip planking [36], 

(c) plywood [36], and (d) carvel (and clinker) [40]. 

 

4. RECOMMENDATIONS FOR FUTURE CONSIDERATIONS 

 

4.1  MOISTURE CONTENT 

 

Moisture content is defined as the mass of water in timber compared to the dry mass of the timber. For boatbuilding 

applications, moisture content ranges from 7% (kiln-dried) to 14% (air-dried) [60] (7% to 16% allowed in ABS [40]; 8% 

to 14% in GL [39]). For modern boatbuilding, the epoxy encapsulation means the timber will remain within this 

moisture content throughout the operating life of the vessel. For traditional construction, however, the moisture content 

would increase to 28%-30%, also known as the fibre saturation point [60, 61], while in the water. This increase in 

moisture content is associated with a sharp reduction in material properties [62, 63, 64], as evidenced in Figure 6. 

 

 

Figure 6. Variations in ultimate flexural strength with moisture content. Includes data from [62] for Oak and [63] for 

Beech, both compared to the default ISO properties [36]. 
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Mechanical properties for timber are typically given at 12% moisture content [36, 39, 40]. Comparing 𝜎uf at 12% 

moisture content with 30% (fibre saturation point), the values are halved: 46% and 56% for oak and beech, respectively. 

This would imply that the factor of safety on the mechanical properties of timber for traditional construction needs to be 

at least doubled compared to current regulations. 

 

4.2  STEAM BENDING 

 

Steam bending allows to form timber into complex curved shapes, which is particularly appealing to boatbuilding. While 

suggestions for more effective application of steam bending in other fields have been made [65, 66], boatbuilding retains 

the rule of thumb that timber should be steamed for an hour per inch of thickness to bend [9]. Steam bending increases 

compressibility while having little effect on tensile properties [67]. However, under-streaming will not achieve the 

desired curvature, and over-streaming can lead to compressive fracture. 

 

Studies have focused on the ability of timber species to bend following exposure to steam, investigating the effect of 

timber moisture content, steam time and breakage [68, 69, 70]. However, the material properties remain uncharacterised. 

The curvature of the timber thanks to stream bending provides better grain orientation. Whether the resulting mechanical 

properties deviate from that of solid timber assumed by regulatory bodies is unknown. As such, this may be an area of 

future research to quantify the effect of steam bending on traditional wooden boat scantlings.  

 

4.3  MECHANICAL FASTENING  

 

Both carvel and clinker planks rely on a large number of mechanical fasteners, typically riveted copper nails [9]. These 

require the use of a pilot hole and are counterbored, thereby introducing both a loss of mechanical properties, and a 

stress concentration, none of which is currently accounted for despite empirical methods available for their analysis [71]. 

Additionally, the pull force (or withdrawal force) exerted on a nail can be computed [60, 72], though it is unlikely to be 

of concern [73]. However, because the built-in end fixity of traditional construction may be questioned and simply 

supported seen as more suitable, as later detailed in Section 4.7, the prying action may be critical. Indeed, contrarily to 

built-in beams, simply supported ones experience a slope at their support. This would cause a prying moment on nails, 

the study of which requires further research [74]. 

 

4.4 SOLID TIMBER DEFECTS 

 

Traditional construction methods are characterised by the use of thick solid timber, as previously evidenced in Figure 2. 

This leads to a high uncertainty associated with individual components, which may be affected by the grain orientation 

(further influenced by the slab or quarter-sawn nature of the timber [42]), deviation from straightness (cupping, bowing, 

twisting, diamonding, etc… [60]), or natural flaws (knots, sap pockets, etc…).  

 

This renders default regulatory mechanical properties and the result of mechanical tests on small samples too optimistic. 

Indeed, while experimental testing of timber samples displays values close to that of ISO [23, 33, 75], lower values are 

achieved for larger timber components [76]. As such, higher factors of safety would be necessary. Conversely, modern 

construction techniques, such as cold-moulding, relying on thin, straight-grain veneers, where any defect would be 

visible, yield much more reliable structures. This justifies their lower thickness requirement (Figure 2), inclusion in 

scantling regulations [36], and lightweight, high-performance applications [10, 55, 77, 78]. While composite 

reinforcement of timber beams has been shown to alleviate the uncertainty inherent to timber defects [76], this would 

defy the environmental benefits associated with traditional construction. 

 

4.5  PROPERTIES PERPENDICULAR TO THE GRAIN 

 

Both carvel and clinker feature wide planks, meaning the properties perpendicular to the grain may become relevant. 

While properties perpendicular to the grain for plywood, and perpendicular to unidirectional fibre orientation for 

composite, are covered in ISO [36], this is not the case for solid timber. For the purpose of the application of ISO 

standards, flexural properties perpendicular to the grain may be taken as 7% and 9% of the flexural properties parallel to 

the grain for softwood and hardwood, respectively. There remains a lack of experimental data for timber perpendicular 

to the grain for boatbuilding applications. Moreover, any mechanical test would be affected by the limitations detailed in 

Section 4.4, and would further be affected by joint efficiency, tackled in Section 4.6, which has solely been investigated 

parallel to the grain. 
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4.6  JOINT EFFICIENCY 

 

The finite size of timber planks requires the use of scarf joints. For plain scarfs, the length-to-thickness ratio drives the 

resulting strength, leading to higher scarf ratios being recommended for structurally critical applications. For instance, 

historical rules by Lloyds register of shipping [79] recommended ratios 4:1 for planks, 6:1 (possibly 8:1) for keels, and 

12:1 for spars. In contemporary regulations, ratios of at least 10:1 for 𝑡 < 10 mm and at least 8:1 for 𝑡 > 10 mm are 

required by GL [39]. While both Birmingham [9] and Gerr [42] suggested scarfs are always weaker than solid timber, 

recent work by Souppez [33] has demonstrated that, thanks to modern adhesives, joints stronger than solid timber may 

be achieved for scarf ratios of 16:1 and higher. This is depicted in Figure 7. 

 

 

Figure 7. Scarf efficiency (ultimate flexural strength) compared to solid timber, represented by 100% efficiency. 

Includes data from [9], [33] and [42]. 

 

There is, therefore, a concern that, for commonly employed and recommended scarf ratios [9, 39, 42], flexural properties 

significantly lower than those assumed for solid timber may be achieved. Consequently, the scantlings of traditional 

crafts may be driven by the effectiveness of joints, as opposed to the mechanical properties of solid timber, an approach 

currently overlooked by rules and regulations. 

 

4.7  STRUCTURAL ANALYSIS AND FAILURE MODE 

 

Structural regulations are based on two assumptions: panels are treated as built-in beams (100% end fixity), and the load 

is considered uniformly distributed [80]. The first assumption may not be relevant to traditional construction, which 

features closely spaced small stringers, and thus a lower end fixity. Interestingly, recent developments in carbon fibre 

racing yachts have developed similar structures: small, closely spaces stringer, where panels have been assumed to be 

simply supported [81, 82]. Secondly, with short panels, a robustness criterion may be relevant [73], which would lead to 

a point load instead of a uniformly distributed load. The combination of both changes to the regulatory assumption 

would result in a change in the maximum bending moment from 𝑃𝑠2/12 for a built-in beam under uniformly distributed 

load, to 𝑃𝑠2/4 for a simply supported beam subject to a central point load assumed a 𝑃𝑠. The new plating thickness 

would, therefore, become 

 

𝑡 = 𝑠√
1.5𝑃

 𝜎𝑑

, (6) 

 

in lieu of the current 

 

𝑡 = 𝑠√
0.5𝑃

 𝜎𝑑

. (7) 

 

A thickness increase of √3 would therefore result from a change in underpinning assumptions. However, an additional 

failure mode may also need to be considered, namely shear. Indeed, given the high thickness and short span, panels with 

a thickness-to-span ratio up to 0.097 would be achieved for carvel, based on the parameter space considered in Figure 2. 

This compares to 0.031 for cold moulding, 0.013 for strip planking and 0.022 for plywood. The mechanical testing of 
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samples to determine shear properties under ISO 14130:1998 [83] is to be performed for 𝑡/𝑠 = 0.100. Conversely, 

flexural tests under ISO 178:2019 [84] are to be performed at 𝑡/𝑠 = 0.050. Carvel planking is, therefore, most likely to 

fail under shear, which is overlooked by current regulations. 

 

5. CONCLUSIONS 

 

Modern timber construction is thoroughly addressed in contemporary structural regulations. However, traditional 

construction is only rarely accounted for, despite benefits that have led to a recent regain of interest in their design and 

construction for small crafts and wind-assisted ships alike. The comparative plating scantlings have been assessed for 

cold moulding, strip planking, plywood on frame and carvel planking. The latter, despite its higher thickness and mass, 

was shown to yield a much lower carbon footprint, demonstrating its relevance to sustainable boatbuilding. 

 

To facilitate the development of structural regulations for traditional wooden construction, the key specificities of this 

construction method have been reviewed. These include high moisture content, the use of steam bending and mechanical 

fastener, the effect of natural defects and orientation perpendicular to the grain on the mechanical properties, the 

efficiency of scarf joint, and limitations to the regulatory assumptions for traditional construction. Areas of future 

research have been identified where knowledge currently is not available to affect scantling calculations. 

 

This paper focused on carvel construction; however, clinker may be of further interest. Indeed, despite a lack of 

research, clinker planking is consistently taken as lesser than that of carvel owing to the overlapping planks. This would 

enable to achieve lighter hull shells than carvel and further reduce the environmental impact, which would warrant 

future work tackling clinker. Additionally, while planking has been detailed, the internal structure of traditional wooden 

boats would also benefit from further research to support the future development of thorough scantling rules for 

traditional wooden boats. Nevertheless, it is acknowledged that there remain numerous challenges associated with 

regulatory scantling rules for traditional boats, which may also prove overly conservative and discourage its adoption. 
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