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SUMMARY 13 
 14 
Traditional wooden boats are characterised by closely spaced frames, riveted to thick planks, leading to high thickness-to-15 
span ratios. However, the effect of such closely spaced frames and thickness-to-span ratio remains uncharacterised. 16 
Consequently, four-point bending tests are undertaken to quantify the ultimate flexural strength and flexural modulus of 17 
wooden planks with up to 3 frames and thickness-to-span ratios from 0.0267 to 0.200. The results show that (i) a greater 18 
number of frames for a given span yields a reduction in specific stiffness but a constant specific strength; (ii) a maximum 19 
thickness-to-span ratio of 0.080 and 0.050 is recommended to ensure the strength and stiffness exceed regulatory default 20 
properties, respectively, and (iii) additional factors of safety would be needed for traditional construction to be included 21 
in existing structural regulations. These findings provide novel insights into the structural design of traditional wooden 22 
boats and may contribute to their future inclusion in regulatory frameworks.  23 
 24 
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 29 
NOMENCLATURE 30 
 31 
𝑏𝑏 Width (mm) 32 
𝐵𝐵 Bias limit (varies) 33 
𝐵𝐵H Hull beam (m) 34 
𝐷𝐷H Hull depth (m) 35 
𝐸𝐸 Flexural modulus (GPa) 36 
𝐹𝐹 Force applied to beam sample (N) 37 
ℎ Beam thickness (mm) 38 
𝑙𝑙 Load span (mm) 39 
𝐿𝐿OA Hull length overall (m) 40 
𝑀𝑀c Moisture content (%) 41 
𝑛𝑛 Number of repeats (-) 42 
𝑁𝑁 Number of independent variables (-) 43 
𝑃𝑃 Pressure (MPa) 44 
𝑃𝑃r Precision (varies) 45 
𝑟𝑟 Loading-point nose radius (mm) 46 
𝑠𝑠 Span between test machine supports (mm) 47 
𝑠𝑠CL Frame spacing (mm) 48 
𝑆𝑆n Gerr scantling number (-) 49 
𝑡𝑡 Plating thickness (mm) 50 
𝑇𝑇 Temperature (°C) 51 
𝑡𝑡95 Student multiplies (-) 52 
𝑈𝑈 Uncertainty (varies) 53 
𝑋𝑋 Given quantity (varies) 54 
𝑥𝑥𝑖𝑖 Given independent variable (varies) 55 
 56 
𝜀𝜀 Maximum strain for any value of F (-) 57 
𝜎𝜎 Ultimate flexural stress (MPa) 58 

𝜎𝜎d Design stress (MPa) 59 
𝜎𝜎dev Standard deviation (varies) 60 
𝜌𝜌 Density (kg m-3) 61 
𝜑𝜑 Relative humidity (-) 62 
𝜔𝜔 Vertical displacement of cross-head (mm) 63 
 64 
ABS American Bureau of Shipping 65 
GL Germanischer Lloyd 66 
ISO International Organization for 67 

Standardization 68 
 69 
1. INTRODUCTION 70 
 71 
Wooden boats have been predominant throughout 72 
history (Ward, 2006; Park et al., 2010; McGrail, 73 
2014), prior to the advent of metal (Fairbairn, 1865; 74 
Baxter, 1933) and, more recently, composite (Greene, 75 
1990; Souppez, 2018) construction. The significant 76 
progress in adhesives associated with the latter (Beck 77 
et al., 2010) has led to the development of modern 78 
timber construction, namely cold moulding and strip 79 
planking, relying on epoxy and modern adhesives for 80 
timber encapsulation (Loscombe, 1998; Gougeon, 81 
2005). This alleviates the expansion of timber with 82 
increasing moisture content (Birmingham, 1992; 83 
Souppez, 2023a), which is defined as the mass of 84 
water in timber compared to the dry mass of the 85 
timber. High moisture content is found in traditional 86 
wooden construction, namely, carvel and clinker (also 87 
known as lapstrake), where planks are left exposed to 88 
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the environment. Indeed, carvel relies on caulked 89 
seams to cope with the swelling of planks with 90 
increasing moisture content, while clinker 91 
construction employs overlapping planks 92 
(Birmingham, 1992; Gerr, 2000). In both cases, the 93 
swelling of the planks due to the high moisture 94 
content is necessary to achieve a watertight hull. 95 
 96 
The past decade has seen a regain of interest in 97 
historical wooden boats and their analysis using 98 
modern naval architecture techniques (Rose, 2014; 99 
Souppez, 2016; Thomas and Souppez, 2018; Cannon 100 
et al., 2021; Souppez, 2021a; Loscombe, 2022; 101 
Loscombe, 2024). This is further evidenced in the 102 
development of modern replicas (Souppez, 2015; 103 
Alessio et al., 2016; White and Pereira, 2017; Alessio, 104 
2017; Martus, 2018; Castro Ruiz and Perez 105 
Fernandez, 2020), new builds (Guell and Souppez, 106 
2018; Scekic, 2018) and wooden cargo vessels (De 107 
Bleukelaer, 2018; Linden and Souppez, 2018; 108 
Armanto, 2019, Khan et al., 2021). Yet, there remains 109 
a lack of regulations to support the adoption of 110 
traditional wooden boatbuilding techniques for 111 
sustainability purposes (Loscombe, 2003; Truelock et 112 
al., 2022; Wang and Pegg, 2022, Souppez, 2023b) 113 
leading to new considerations for the regulatory 114 
implications of timber constructions (Meulemeester, 115 
2018; Souppez, 2020) and regulatory compliance 116 
(Bucci et al., 2017; Souppez, 2021a).  117 
 118 
Pre-1950 designs, whether original historical crafts or 119 
replicas built predominantly with the original 120 
materials, are beyond the scope of legislation 121 
(European Parliament, 2013; UK government 2017, 122 
Souppez, 2019) and associated structural regulations, 123 
e.g. ISO 12215-5:2019 (ISO, 2019a). In fact, 124 
regulatory frameworks primarily focus on modern 125 
wooden construction (Loscombe, 1998; Loscombe, 126 
2003). While plank thicknesses are provided for a 127 
given estimated shell area by Germanischer Lloyd 128 
(GL, 2003), where the thickness-to-span ratio 𝑡𝑡/𝑠𝑠 ≈129 
0.1 for all ship sizes, only the American Bureau of 130 
Shipping (ABS, 2023) features traditional 131 
construction with dedicated scantling calculations. 132 
However, the ABS regulation does not account for the 133 
specifics of carvel construction, namely, closely 134 
spaced transverse members and mechanical fastening, 135 
which remain significant obstacles to the 136 
development of new regulations to support the 137 
adoption of traditional construction methods.  138 
 139 
In this work, the transverse members are referred to 140 
as frames, a term employed in structural regulations 141 
(GL, 2003), and both carvel and clinked construction 142 
are commonly referred to as ‘plank-on-frame’. Other 143 
suitable terminology for the transverse frames under 144 
consideration may include timbers, ribs, doubler 145 
plates or stiffenening members. 146 
 147 

Firstly, structural regulations are based on two 148 
assumptions, namely that panels are treated as built-149 
in beams (100% end fixity), and the load is considered 150 
uniformly distributed (Souppez, 2021b). The first 151 
assumption may not be relevant to traditional 152 
construction, which features closely spaced small 153 
frames, and, thus, potentially a lower end fixity. 154 
Interestingly, recent developments in carbon fibre 155 
racing yachts have featured similar structures: small, 156 
closely spaced frames, where panels have been 157 
assumed to be simply supported (Harris, 2020; 158 
Lorimer, 2022). Additionally, with short panels, a 159 
robustness criterion may be relevant, which would 160 
lead to a point load instead of a uniformly distributed 161 
load. The combination of both changes to the 162 
regulatory assumption would result in a change in the 163 
maximum bending moment from 𝑃𝑃𝑠𝑠2/12 for a built-164 
in beam under uniformly distributed load, to 𝑃𝑃𝑠𝑠2/4 165 
for a simply supported beam subject to a central point 166 
load assumed as 𝑃𝑃𝑠𝑠. The new plating thickness 𝑡𝑡 as a 167 
function of the design stress  𝜎𝜎d would, therefore, 168 
become 169 
 170 

𝑡𝑡 = 𝑠𝑠�
1.5𝑃𝑃
 𝜎𝜎d

, (1) 171 

 172 
in lieu of the current 173 
 174 

𝑡𝑡 = 𝑠𝑠�
0.5𝑃𝑃
 𝜎𝜎d

. (2) 175 

 176 
A thickness increase of √3 would, therefore, result 177 
from a change in underpinning assumptions. 178 
However, an additional failure mode may also need to 179 
be considered, namely shear. Indeed, given the high 180 
thickness and short span, panels with a higher 181 
thickness-to-span ratio would be achieved for carvel 182 
compared to modern wooden constructions such as 183 
cold moulding, strip planking and plywood (Souppez, 184 
2023a). The mechanical testing of samples to 185 
determine shear properties under ISO 14130:1998 186 
(ISO, 1998) is to be performed for 𝑡𝑡/𝑠𝑠 = 0.100 . 187 
Conversely, flexural tests under ISO 178:2019 (ISO, 188 
2019b) are to be conducted at 𝑡𝑡/𝑠𝑠 = 0.050, while 189 
four-point bending tests of timber beams under ISO 190 
408:2010 (ISO, 2010) are to be undertaken at 191 
0.0476 ≤ 𝑡𝑡/𝑠𝑠 ≤ 0.0556.  Carvel planking may, 192 
therefore, fail under shear, which is overlooked by 193 
current regulations. Additionally, the ratio of the 194 
ulitame shear strength to ultimate flexural strength 195 
may also be considered, with a value of 0.138 given 196 
in the ISO 12215-5 (ISO, 2019) 197 
 198 
Secondly, carvel planks rely on a large number of 199 
mechanical fasteners, typically riveted copper nails 200 
(Birmingham, 1992). These require the use of a pilot 201 
hole and are counterbored, thereby introducing both a 202 
loss of material, and a stress concentration, none of 203 
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which is currently accounted for despite empirical 204 
methods being available for their analysis (Young et 205 
al., 2012). Additionally, the pull force (or withdrawal 206 
force) exerted on a nail can be computed (Jones, 1989; 207 
Hoadley, 2000), though it is unlikely to be of concern. 208 
However, because the built-in end fixity of traditional 209 
construction may be questioned and simply supported 210 
may be seen as more suitable, the prying action may 211 
be critical. Indeed, contrarily to built-in beams, 212 
simply supported ones experience a slope at their 213 
support. This would cause a prying moment on nails 214 
(van de Lindt and Dao, 2009). 215 
 216 
The mechanical testing of mechanically fastened 217 
carvel planks featuring closely spaced frames could 218 
provide novel insights into the failure behaviour of 219 
such planks and the effect of fasteners as well as 220 
frame spacing. This is crucial to furthering our 221 
understanding of traditional timber structures and 222 
may inform the recent developments in composite 223 
racing yacht structural arrangements inspired by the 224 
traditional closely spaced frames. However, such 225 
experimental data is not yet available. Consequently, 226 
four-point bending testing of carvel planks for a range 227 
of frame spacing is undertaken in line with ISO 228 
408:2010 (ISO, 2010) to investigate the effect of 229 
mechanically fastened, closely spaced frames on 230 
timber planks. Furthermore, the effect of the 231 
thickness-to-span ratio is investigated. 232 
 233 
The remainder of this paper is structured as follows. 234 
Section 2 details the timber beams investigated, the 235 
experimental setup and protocol, and the 236 
quantification of the mechanical properties and 237 
associated uncertainty. Then, Section 3 presents the 238 
findings associated with the effects of frames and 239 
thickness-to-span ratio. Finally, the main results are 240 
summarised in Section 4. 241 
 242 
2. METHODOLOGY 243 
 244 
2.1 TIMBER BEAMS 245 
 246 
All beams were American White Oak (Quercus alba) 247 
with a physical density 𝜌𝜌 = 769kg m-3  ±82 kg m-3 at 248 
a moisture content 𝑀𝑀c =  11.7% ±0.2%, quantified 249 
using a moisture meter. The planks were 700 mm 250 
long, ensuring appropriate overhangs were provided 251 
for the intended 600 mm span. The width 𝑏𝑏 = 50 mm 252 
is dictated by the width of the support points, and the 253 
thickness ℎ = 20  mm is consistent with previous 254 
work (Souppez, 2021a) and small craft plank 255 
thicknesses (Gerr, 2005). The frames are square 256 
sections 20 mm wide by 20 mm high, and extended 257 
the whole 50 mm of the plank width. All components 258 
were cut to size by the supplier. The plank and frame 259 
dimensions, together with the timber orientation, are 260 
depicted in Figure 1. Frames are fastened to the 261 
planking using 12 gauge, square section boat nails 262 
(2.65 mm by 2.69 mm cross section, 50.8 mm long 263 

including head), and 11.11 mm (7/16 inch) copper 264 
roves. Two copper nails are employed per frame, 265 
located 10 mm from the plank’s edges.  266 
 267 

 268 

Figure 1: Schematics of the tested planks, with (a) no 269 
frame, (b) one frame, (c) two frames, and (d) three 270 

frames (copper nails omitted for clarity). 271 

To understand the effect of the frames, four different 272 
plank configurations are tested, featuring: 273 

• no frame, see Figure 1(a), and thus acting as 274 
a control experiment, with a centerline 275 
spacing 𝑠𝑠CL = 𝑠𝑠 = 600 mm; 276 

• one central frame, with 𝑠𝑠CL = 300 mm, see 277 
Figure 1(b); 278 

• two frames, yielding 𝑠𝑠CL = 200  mm, see 279 
Figure 1(c); and 280 

• three frames, such that 𝑠𝑠CL = 150 mm, see 281 
Figure 1(d). 282 

 283 
Additionally, further experiments are undertaken on 284 
planks without frames to investigate the effect of the 285 
thickness-to-span ratio 𝑡𝑡/𝑠𝑠 . Two thicknesses are 286 
investigated, 𝑡𝑡 = 20 mm and 𝑡𝑡 = 8 mm, the former 287 
at 𝑠𝑠 =  600  mm, 300  mm, 200  mm and 100  mm, 288 
and the latter at 𝑠𝑠 =  300 mm, 200 mm, 100 mm and 289 
80 mm.  290 
 291 
2.2 EXPERIMENTAL SETUP  292 
 293 
All experiments were undertaken on an Instron 5965 294 
equipped with a 5 kN load cell. The four-point 295 
bending setup, with a support-to-load span 𝑠𝑠/𝑙𝑙 = 3, 296 
in line with ISO 408:2010 (ISO, 2010), is depicted in 297 
Figure 2. All support and loading points have a radius 298 
𝑟𝑟 =  5  mm. Experiments were undertaken at 299 
temperatures 19.7 °C  ≤ 𝑇𝑇 ≤ 21.4  °C and relative 300 
humidies 0.37 ≤ 𝜑𝜑 ≤ 0.44 . Before the data is 301 
recorded at 100 Hz, a 1 N preload is applied at a 302 
displacement rate of 2 mm min-1, following which the 303 
tests are conducted at 0.06 mm s-1, or 0.003ℎ  as 304 
defined in ISO 408:2010 (ISO, 2010), equivalent to 305 
3.6 mm min-1.  306 
 307 
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 308 

Figure 2: Four-point bending setup with 𝑠𝑠/𝑙𝑙 = 3. 309 

 310 
2.3 MECHANICAL PROPERTIES 311 
 312 
From the measured force 𝐹𝐹  and cross-head 313 
displacement 𝜔𝜔  (which is also the beam deflection at 314 
the one-third span points) the maximum strain 𝜀𝜀 for 315 
𝑠𝑠/𝑙𝑙 = 3 are respectively given by 316 
 317 

𝜎𝜎 =
𝐹𝐹𝑠𝑠
𝑏𝑏ℎ2

, (3) 318 

 319 
obtained from the maximum bending moment of 320 
𝐹𝐹𝑠𝑠/6 divided by the minimum section modulus of 321 
𝑏𝑏ℎ6/6 and 322 
 323 

𝜀𝜀 =
4.7ℎ𝜔𝜔
𝑠𝑠2 . (4) 324 

 325 
The flexural modulus 𝐸𝐸 is then computed as  326 
 327 

𝐸𝐸 =
𝜎𝜎
𝜀𝜀 , (5) 328 

 329 
using the linear least squares method for a strain range 330 
0.001 ≤ ϵ ≤ 0.005, which is the approximate limit 331 
of proportionality strain as shown in Figure 3 332 
 333 
2.4 UNCERTAINTY QUANTIFICATION 334 
 335 
The uncertainty quantifies the equipment, sample and 336 
wood variability error at the 95% confidence level. 337 
This pessimistic approach is intended to ensure safe 338 
and reliable conclusions are reached. 339 
 340 

The uncertainty 𝑈𝑈 of the present results is given as  341 
 342 

𝑈𝑈 = �(𝐵𝐵2 + 𝑃𝑃r2), (6) 343 
 344 
where the bias 𝐵𝐵(𝑋𝑋)  of a quantity 𝑋𝑋  based on a 345 
number 𝑁𝑁  of independent variables 𝑥𝑥𝑖𝑖  with a bias 346 
limit 𝐵𝐵(𝑥𝑥𝑖𝑖), as given in Table 1, is 347 
 348 

𝐵𝐵(𝑋𝑋) = ���
∂𝑋𝑋
∂𝑥𝑥𝑖𝑖

𝐵𝐵(𝑥𝑥𝑖𝑖)�
2𝑁𝑁

𝑖𝑖=1

, (7) 349 

 350 
and the precision 𝑃𝑃𝑟𝑟 based on the standard deviation 351 
𝜎𝜎dev at the 95% confidence level 𝑡𝑡95 = 2.776 for the 352 
number of repeats 𝑛𝑛 = 5 undertaken is 353 
 354 

𝑃𝑃𝑟𝑟 =
𝑡𝑡95σdev

√𝑛𝑛
. (8) 355 

 356 

Table 1: Summary of bias limits. 357 

Span, 𝐵𝐵(𝑠𝑠) 0.5 mm 
Force, 𝐵𝐵(𝐹𝐹) 0.00005 N 
Width, 𝐵𝐵(𝑏𝑏) 0.005 mm 
Thickness, 𝐵𝐵(𝑡𝑡) 0.005 mm 
Deflection, 𝐵𝐵(𝜔𝜔) 0.00005 mm 

 358 
3. RESULTS 359 
 360 
3.1 FRAME SPACING 361 
 362 
3.1 (a) Stress-Strain Curves 363 
 364 
The stress-strain curves of the various configurations 365 
investigated at 𝑠𝑠 = 600 mm are present in Figure 3, 366 
namely no frame in Figure 3(a), one frame in Figure 367 
3(b) two frames in Figure 3(c) and three frames in 368 
Figure 3(d). Qualitatively, these results yield two 369 
main findings. 370 
 371 
First, the plank failure is primarily abrupt. When no 372 
frames are present, the failure consistenlty occurs 373 
between the loading points, where the bending 374 
moment is constant and at its maximum. For planks 375 
with frame, the failures occurred at a frame location 376 
in all but two cases for the one frame configuration, 377 
and all but one case for the two and three frames 378 
configurations, respectively. In these cases, however, 379 
the failure occurred close (with 30 mm) of the frame, 380 
and between loading point. This suggests the 381 
introduction of the frames and associated holes which 382 
reduce the local section modulus of the plank 383 
promotes failure at these locations, with a few 384 
exceptions where local wood defects induced failure 385 
where the maximum bending moment was applied.  386 
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 387 
 388 

 389 

Figure 3: Stress-strain curves for the five repeats (𝑛𝑛 = 5) of the four-point bending tests with (a) no frame 390 
(𝑠𝑠CL =  600 mm), (b) 1 frame (𝑠𝑠CL = 300 mm), (c) 2 frames (𝑠𝑠CL = 200 mm) and (d) 3 frames (𝑠𝑠CL = 150 mm). 391 

 392 
Secondly, there is marked reduction in the maximum 393 
stress and strain experienced by planks with two 394 
frames, i.e. 𝑠𝑠CL = 200 mm. Because of the four-point 395 
bending setup, where s/𝑙𝑙 = 3 , the two frames are 396 
directly underneath the loading points. Here, it is 397 
hypothesised this may cause the early failure, and is 398 
associated with a stress-raiser event, as further 399 
discussed in Sections 3.1(b) and 3.1 (c) for the 400 
stiffness and strength, respectively. 401 
 402 
3.1 (b)  Stiffness 403 
 404 
The flexural modulus 𝐸𝐸  is quantified for all 405 
configurations and presented in Figure 4, together 406 
with ISO 12215-5:2019 (ISO 2019a) estimation for 407 
hardwood, namely, 𝐸𝐸 = 0.0175𝜌𝜌 . Indeed, the 408 

mechanical properties of a timber species can be 409 
directly related to its density. Consequently, Figure 4 410 
also presents the specific modulus 𝐸𝐸/𝜌𝜌 to account for 411 
the variations in timber densities between the various 412 
planks investigated in this work. Further variations in 413 
the properties of timber are captured by the error bars, 414 
thanks to the uncertainty analysis of the results (see 415 
Section 2.4) to ensure the results are not affected by 416 
the natural variations in timber properties. 417 
 418 
The four values of 𝑠𝑠CL  investigated cover the 419 
expected range of frame spacing for small crafts 420 
(Gerr, 1999). Thus, generalised conclusions are 421 
drawn from the results obtained.  There is a notable 422 
and monotonic increase in modulus with the frame 423 
spacing for the range considered. The specific 424 
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modulus displays a similar trend, albeit with a local 425 
minimum at 𝑠𝑠CL = 200 mm (two frames), which is 426 
attributed to the alignment between loading points 427 
and the frames and associated stress raiser. While ISO 428 
12215-5:2019 (ISO, 2019a) only features a strength-429 
based criterion for planking thickness, the comparison 430 
between the experimental values and ISO default 431 
properties remains of interest. 432 
 433 

 434 

Figure 4: Modulus 𝐸𝐸 and specific modulus 𝐸𝐸/𝜌𝜌 for 435 
planks with no frames (𝑠𝑠CL = 600 mm), one frame 436 
(𝑠𝑠CL = 300 mm), two frames (𝑠𝑠CL = 200 mm) and 437 

three frames (𝑠𝑠CL = 150 mm) (𝑛𝑛 = 5). 438 

 439 
Here, it should be noted that, while the results are 440 
reported as the average value from the five repeats, 441 
with the error bars quantifying the uncertainty (see 442 
Section 2.4), the mechanical properties derived from 443 
experimental testing should be derated to be the lesser 444 
of 80% of the average, of the average minus two 445 
standard deviations. For the present results, this 446 
roughly coincides with the lower bound of the error 447 
bars. Consequently, while the specific modulus 448 
values consistently exceeded the ISO default value, 449 
the uncertainty associated with timber density means 450 
that the modulus of the tested planks is below the ISO 451 
default value for 𝑠𝑠CL  ≤ 200 mm. This is significant 452 
as, for small boats, 𝑠𝑠CL = 150 mm (circa 6 inch) is 453 
commonly employed (Birmingham, 1992), and thus 454 
ISO 12215-5:2019 (ISO, 2019a) may overestimate 455 
the modulus. 456 
 457 
Caution is advised when looking at the results of 458 
Figure 4. Indeed, while the effective effect of the 459 
number of transverse frame for a given span have 460 
been quantified, a physical explanation remains to be 461 
theorised. The variations are not thought to arise from 462 
the variability of wood testing. However, whether 463 
they should be attributed to the presence of the frame 464 
(which are small comparative to the beam, with each 465 
frame having a width 𝑏𝑏 = 0.0333𝑠𝑠), or the presence 466 
of holes for the copper rivets (reducing the section 467 
modulus of the beam) is yet to be ascertained, and will 468 

be discussed when exploring areas of future work in 469 
the Conclusions (Section 5). 470 
 471 
3.1. (c) Strength 472 
 473 
The ultimate flexural strength 𝜎𝜎  and associated 474 
specific strength 𝜎𝜎/𝜌𝜌 are presented in Figure 5. First, 475 
a significant reduction in both 𝜎𝜎  and 𝜎𝜎/𝜌𝜌  is 476 
evidenced at 𝑠𝑠CL = 200 mm (two frames). Because 477 
of the associate stress raiser, this data point and 478 
considering the magnitude of the error bars, 𝜎𝜎/𝜌𝜌 479 
appears independent of the frame spacing. However, 480 
in all cases, the lower bound of the error bars is below 481 
the default value of ISO 12215-5:2019 (ISO, 2019a), 482 
namely, 𝜎𝜎 = 0.130𝜌𝜌. 483 
 484 

 485 

Figure 5: Strength 𝜎𝜎 and specific strength 𝜎𝜎/𝜌𝜌 for 486 
planks with no frames (𝑠𝑠CL = 600 mm), one frame 487 
(𝑠𝑠CL = 300 mm), two frames (𝑠𝑠CL = 200 mm) and 488 

three frames (𝑠𝑠CL = 150 mm) (𝑛𝑛 = 5). 489 

 490 
As the planking thickness is solely driven by a 491 
strength criteria in ISO 12215-5:2019 (ISO, 2019a), 492 
as previously introduced in Equation (2), where 493 
𝜎𝜎d = 𝜎𝜎 for timber construction, an additional factor 494 
of safety would be needed for traditional wooden 495 
boatbuilding methods, such as carvel planking, to be 496 
safely included in the scope of existing regulations. 497 
However, the fact that 𝑠𝑠CL  does not impact 𝜎𝜎/498 
𝜌𝜌 would suggest that, providing suitable factors of 499 
safety are in place, the frame spacing would not be an 500 
issue. This would be valid only for failure in flexion, 501 
as opposed to shear. Consequently, the effect of the 502 
thickness-to-span ratio is investigated next to 503 
ascertain if there exists a change in failure behaviour 504 
for high 𝑡𝑡/𝑠𝑠 , which is characteristic of traditional 505 
wooden boatbuilding. 506 
 507 

508 
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3.2 THCKNESS-TO-SPAN RATIO 509 
 510 
3.2 (a)  Stiffness 511 
 512 
Four-point bending experiments on planks without 513 
frames are undertaken to characterise the effect of 𝑡𝑡/𝑠𝑠 514 
on flexural properties. Two plank thicknesses are 515 
investigated in this work, namely, 𝑡𝑡 = 20  mm for 516 
100  mm ≤ 𝑠𝑠 ≤ 600  mm and 𝑡𝑡 =  8  mm for  517 
80  mm ≤ 𝑠𝑠 ≤ 300  mm. Figure 6 presents the 518 
variations in 𝐸𝐸 and 𝐸𝐸/𝜌𝜌 with 𝑡𝑡/𝑠𝑠. Here, 𝐸𝐸 represents 519 
an apparent modulus, i.e. assuming that the deflection 520 
is solely driven by bending. A true modulus could 521 
only be estimated in the absence of an experimental 522 
value for the shear modulus. However, it is expected 523 
that a true value of 𝐸𝐸, accounting for shear deflection, 524 
would yield a less sever decline in 𝐸𝐸  with 𝑡𝑡/𝑠𝑠  as 525 
greater shear deflection would be expected for higher 526 
values of 𝑡𝑡/𝑠𝑠. 527 
 528 

 529 

Figure 6: Modulus 𝐸𝐸 and specific modulus 𝐸𝐸/𝜌𝜌 for 530 
𝑡𝑡 = 20 mm and 𝑡𝑡 = 8 mm planks (𝑛𝑛 = 5). 531 

 532 
For both thicknesses, an identical trend showcasing a 533 
monotonic decrease in 𝐸𝐸  and 𝐸𝐸/𝜌𝜌  with increasing 534 
𝑡𝑡/𝑠𝑠  is evidenced. Remarkably, the cross-over 535 
between the lower bound of the error bars of the 536 
present experimental results and ISO 12215-5 (ISO, 537 
2019a) default modulus occurs for 538 
0.050 < 𝑡𝑡/𝑠𝑠 < 0.100 , with values exceeding the 539 
default one for 𝑡𝑡/𝑠𝑠 ≤ 0.050, and values lower the 540 
default one for 𝑡𝑡/𝑠𝑠 ≥ 0.100. This is consistent with 541 
the requirements of ISO 14130:1998 (ISO, 1998)  to 542 
undertake shear experiments at 𝑡𝑡/𝑠𝑠 = 0.100, while 543 
for flexion ISO 178:2019 (ISO, 2019b)  imposes 544 
𝑡𝑡/𝑠𝑠 = 0.050 for composites and ISO 408:2010 (ISO, 545 
2010) dictates 0.0476 ≤ 𝑡𝑡/𝑠𝑠 ≤ 0.0556 for timber. 546 
Therefore, and while there is no step change in 𝐸𝐸 and 547 
𝐸𝐸/𝜌𝜌  with 𝑡𝑡/𝑠𝑠  but rather a gradual decline as 𝑡𝑡/𝑠𝑠 548 
increases, the present results clearly identify 𝑡𝑡/𝑠𝑠 as a 549 
critical value. This is very relevant to traditional 550 
construction where thick planks and closely spaced 551 

frames yield high values of 𝑡𝑡/𝑠𝑠  that ISO 12215-552 
5:2019 (ISO, 2019a) does not appear suited for. 553 
Whether the same conclusion can be drawn for the 554 
strength is ascertained in the following subsection. 555 
 556 
3.2 (b)  Strength 557 
 558 
By reducing the span to investigate the effect of 𝑡𝑡/𝑠𝑠, 559 
a higher breaking load is required, which is limited to 560 
5 kN due to the instrumentation employed (see 561 
Section 2.2). Consequently, while a modulus could be 562 
assessed for all experiments in Section 3.2(a), the 563 
ultimate flexural strength is only available for  564 
𝑡𝑡 = 20 mm at 𝑠𝑠 = 600 mm, as shorter spans did not 565 
achieve failure. For all 𝑡𝑡 = 8  mm experiments, 566 
ultimate flexural strength values are reported for all 567 
values of 𝑠𝑠 investigated. The results for the strength 568 
and specific strength at thickness-to-span ratios 569 
0.0267 ≤ 𝑡𝑡/𝑠𝑠 ≤ 0.100 are presented in Figure 7. As 570 
for the stiffness, an apparent 𝜎𝜎  is calculated here, 571 
assuming a solely bending-driven flexion, which is 572 
unlikely to hold for higher values of 𝑡𝑡/𝑠𝑠. 573 
 574 

 575 

Figure 7: Strength 𝜎𝜎 and specific strength 𝜎𝜎/𝜌𝜌 for 576 
𝑡𝑡 = 20 mm and 𝑡𝑡 = 8 mm planks (𝑛𝑛 = 5). 577 

 578 
These results are explained by the bending-shear 579 
stress interaction, with studies such as that of 580 
Schneeweiß and Felber (2013) and Danawade et al. 581 
(2014) showcasing the need for a suitable 𝑡𝑡/𝑠𝑠 ratio 582 
for correct flexural properties to be exhibited. Given 583 
the previously evidenced strong agreement between 584 
𝐸𝐸  and 𝐸𝐸/𝜌𝜌  (see Figure 6) and strong agreement 585 
between the data point at 𝑡𝑡 = 20 mm and the trend 586 
displayed at 𝑡𝑡 = 8 mm, the results presented in Figure 587 
7 can be generalised to higher thicknesses than 𝑡𝑡 = 8 588 
mm. Similar to the 𝐸𝐸 and 𝐸𝐸/𝜌𝜌 in Figure 6, the lower 589 
bound of the error bars for 𝜎𝜎  and 𝜎𝜎/𝜌𝜌  in Figure 7 590 
exhibit a cross-over with ISO 12215-9:2019 (ISO, 591 
2019a) default values for 0.050 < 𝑡𝑡/𝑠𝑠 < 0.100 , 592 
albeit towards the higher end of that range. Indeed, for 593 
𝑡𝑡/𝑠𝑠 ≤ 0.080, both 𝜎𝜎  and 𝜎𝜎/𝜌𝜌  exceed their default 594 
regulatory values. 595 
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This further confirms the importance of 𝑡𝑡/𝑠𝑠  in 596 
ensuring existing regulations for small craft structures 597 
can be safely applied to traditional wooden boats. 598 
Given the strength based criterion of ISO 12215-599 
5:2019 (ISO, 2019a) and the present results 600 
evidencing overestimated properties for  601 
𝑡𝑡/𝑠𝑠 >  0.080 , this value should not be exceeded 602 
unless additional factors of safety are implemented. 603 
 604 
The specified threshold is particularly relevant as, for 605 
small both, combining the planking thickness and 606 
frame spacing recommended by Gerr (2000) yields 607 
 608 

𝑡𝑡/𝑠𝑠 = 0.0728 𝑆𝑆n0.13, (9) 609 
 610 
where 𝑆𝑆𝑛𝑛 is the scantling number, given as  611 
 612 

𝑆𝑆n =
𝐿𝐿OA𝐵𝐵H𝐷𝐷H

28.32 , (10) 613 

 614 
with 𝐿𝐿OA being the length overall, 𝐵𝐵H the hull beam 615 
and 𝐷𝐷H the hull depth. 616 
 617 
Gerr (2000) considers 0.04 ≤ 𝑆𝑆n  ≤ 32.  For values 618 
0.04 ≤ 𝑆𝑆n  ≤ 2, then 0.0479 ≤ 𝑡𝑡/𝑠𝑠 ≤ 0.0797, i.e. 619 
consistently below the maximum strength threshold 620 
of 𝑡𝑡/𝑠𝑠 = 0.080.  However, for the vast majority of 621 
boats where 2 ≤ 𝑆𝑆𝑛𝑛  ≤ 32, 𝑡𝑡/𝑠𝑠 would always exceed 622 
0.080. Moreover, for any size boat, the value of 𝑡𝑡/𝑠𝑠 623 
would exceed the maximum 0.050 defined soft 624 
stiffness in Section 3.2 (a). Consequently, an 625 
additional factor of safety may be required to ensure 626 
existing regulations can be made suitable for 627 
traditional wooden boats under current regulations. 628 
 629 
3.3 MOISTURE CONTENT 630 
 631 
For boatbuilding applications, moisture content 632 
ranges from 7% (kiln-dried) to 14% (air-dried) 633 
(Hoadley, 2000), with 7% to 16% allowed in ABS 634 
(2023) and 8% to 14% in GL (2004). For modern 635 
boatbuilding, the epoxy encapsulation means the 636 
timber will remain within this moisture content 637 
throughout the operating life of the vessel. However, 638 
for traditional construction, the moisture content 639 
would increase up to 28%-30%, also known as the 640 
fibre saturation point (Barkas, 1935), while in the 641 
water. This is necessary for both carvel and clinker to 642 
achieve a watertight hull, but this increase in moisture 643 
content has consistently been associated with a sharp 644 
reduction in material properties (Babiak et al., 2018; 645 
Bader and Nemeth, 2019; Korkmaz and Buyuksari, 646 
2019; Fu et al., 2021). 647 
 648 
Mechanical properties for timber are typically given 649 
at 12% moisture content, as is the case in ISO12215-650 
5:2019 (ISO, 2019a), and is consistent with the 651 
present work undertaken on American White Oak 652 
samples with a moisture content 11.7% ± 0.2%. At the 653 
fibre saturation point, a reduction in strength of circa 654 

46% compared to 12% moisture content would be 655 
expected for Oak based on the work of Korkmaz and 656 
Buyuksari (2019). Similarly, a 50% reduction in the 657 
modulus of Oak between 12% moisture content and 658 
the fibre saturation point was evidenced by Babiak et 659 
al. (2018). This would imply that the factor of safety 660 
of the mechanical properties of timber for traditional 661 
construction, operating at fibre saturation point would 662 
need to be at least doubled compared to current 663 
regulations to ensure their safe application. Another 664 
consideration might be to employ the mechanical 665 
properties of timber at saturation (>30% moisture 666 
content). 667 
 668 
4. CONCLUSIONS 669 
 670 
Four-point bending tests were undertaken on 671 
American White Oak planks for a range of 672 
thicknesses, spans, and with up to three riveted frames 673 
in order to replicate carvel planking. The aim was to 674 
understand the effect of both frames and the 675 
thickness-to-span ratio on the strength and stiffness of 676 
traditional wooden boat structures to evaluate the 677 
applicability of existing small craft structural 678 
regulations. 679 
 680 
First, the results showed that, for a given span, an 681 
increase in the number of frames leads to a sharp 682 
decline in specific stiffness but not specific strength. 683 
However, the latter proved to be below the assumed 684 
regulatory properties. Additionally, the results 685 
revealed a significant occurrence of failure at the 686 
location of a riveted frame, while the interaction 687 
between the loading points and stinger location was 688 
noted and yielded too pessimistic a specific strength. 689 
 690 
Secondly, the thickness-to-span ratio was shown to 691 
negatively affect both the specific strength and 692 
stiffness, i.e. a large value of the thickness-to-span 693 
ratio, as commonly found on carvel construction, 694 
leads to a reduction in mechanical properties. In order 695 
to exceed the regulatory strength and stiffness for 696 
carvel planks, a maximum ratio of 0.080 and 0.050 is 697 
recommended, respectively. However, it is noted that 698 
the higher moisture content associated with 699 
traditional boatbuilding would lead to a significant 700 
loss of mechanical properties and, thus, would 701 
warrant the inclusion of additional factors of safety to 702 
ensure the safety and regulatory compliance of 703 
traditionally built wooden vessels. 704 
 705 
These findings provide novel insights into the 706 
structural design and performance of tradional carvel 707 
planking with riveted frames, and may contribute to 708 
future developments in wooden and composite 709 
structural design, as well as support the application of 710 
future structural regulations to traditional crafts, for 711 
both historical and sustainability purposes. 712 
 713 
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Future work, however, remains to be undertaken to 714 
gain further understanding of the physics behind the 715 
present results. As such, the following 716 
recommendations are made: 717 
(1) For beams to be tested with adhesively bonded 718 

frames, as opposed to rivetted ones. This will 719 
enable to assess whether it is the presence of the 720 
frames of the riveting holes that yields a 721 
reduction in mechanical properties. 722 

(2) Additionally, testing of beams with the rivet 723 
holes drilled but no rivets or frames will further 724 
confirm if the loss of section modulus is the cause 725 
of the change in mechanical properties. 726 

(3) Experiments could also be conducted on the same 727 
beams (with loading kept well within the elastic 728 
region), to alleviate any concerns the variations 729 
in mechanical properties observed originate from 730 
the variability in timber (grain orientation, 731 
mosture content, density, etc…). 732 

(4) The absence of an experimental value for the 733 
shear modulus limits the ability to compute the 734 
true modulus and strength (Figures 6 and 7). 735 
Experiments dedicated to quantifying the shear 736 
modulus would, therefore, contribute to a further 737 
level of analysis of the present results. 738 

(5) Lastly, experiments have been conducted on 739 
individual beams. These would normally be 740 
further supported or constrained at their edges, 741 
introducing a variation between carvel and 742 
clinker construction. Therefore, the testing of 743 
carvel and clinked panel would be seen as a 744 
relevant area of future work. 745 
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