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Abstract: Veneer-based structural products, such as Laminated Veneer Lumber (LVL) or 8 

plywood, are commonly used in timber constructions. When a manufacturer wishes to use 9 

new timber species or optimise the use of its veneered stock, the nominal design values of the 10 

new products need to be determined from comprehensive and expensive experimental investi-11 

gations. In an effort to cost-effectively determine these characteristics, this paper introduces a 12 

methodology to numerically predict the compressive strength of veneer-based structural prod-13 

ucts. The method combines a classical elastoplastic approach with a probabilistic strength 14 

prediction model of the wood veneers. The veneer strength is determined from its size and 15 

characteristics which can be measured in line. The accuracy of the approach is verified against 16 

experimental tests performed on twenty-four LVL samples manufactured from two different 17 

timber species and of various sizes. Results show that it accurately predicts the strength of the 18 

LVL samples with an overall predicted to experimental ratio of 1.05 and low coefficient of 19 

variation of 0.08. The methodology is then applied to determine the compressive strength dis-20 

tributions of LVL columns and plywood boards manufactured from a new resource, namely 21 

early to mid-rotation (juvenile) hardwood plantation logs. Three different species (Gympie 22 

messmate (Eucalyptus cloeziana), spotted gum (Corymbia citriodora) and southern blue gum 23 

(Eucalyptus globulus)) are considered in the approach. The modelled compressive design 24 

strength of the new products is found to be of the same order of magnitude of and up to 1.6 25 

times greater than the strength of commercialised LVL columns and plywood boards. 26 
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INTRODUCTION 30 

Veneer-based wood structural products are manufactured by gluing wood veneers together, 31 

generally with either the grain of each veneer orientated in the same direction (Laminated Ve-32 

neer Lumber (LVL)) or the grain of adjacent veneers orientated at 90° to one another (ply-33 

wood) (Bottle 1983). These products are commonly used in timber constructions. They have 34 

higher strength, less variability in material properties and can span longer distances than sawn 35 

timber structural products (Stark, et al. 2010). With the existing interest in timber as a more 36 

sustainable alternative to steel and concrete in constructions, their use is expected to further 37 

expand. Yet, when a manufacturer introduces a new product on the market, either by using 38 

new timber species due a response to variations in prices and product demand (Boughton and 39 

Crews 2013) or an optimisation strategy of its existing veneered stock, a costly experimental 40 

program must be undertaken. This program aims at accurately measuring the strength and 41 

stiffness distributions of the new product and ultimately determining its design properties. In 42 

the Australian/New Zealand standards (AS/NZS 2269.1 2012, AS/NZS 4357.2 2006), a min-43 

imum of 30 tests is required per design property. To reach a specific final product, an ineffi-44 

cient trail-and-error approach may be needed.  45 

Nevertheless, expected strength and stiffness distributions of new veneer-based products 46 

can be cost-effectively predicted if a methodology is developed that combines classical elas-47 

toplastic constitutive equations with a probabilistic strength prediction model of the wood ve-48 

neers (Clouston and Lam 2001). The veneer strength prediction model is based on the veneer 49 

size and characteristics which can be measured in line. This approach has seldom been ap-50 

plied to LVL and plywood structural products (Gilbert, et al. 2017b) and is followed in this 51 

paper to ultimately determine the expected compressive structural properties of veneer-based 52 

products manufactured from a new resource: early to mid-rotation (juvenile) subtropical 53 

hardwood plantation logs (Gilbert, et al. 2017a). Indeed, while it has been proven that hard-54 



wood juvenile logs result in high grade veneer-based structural products (Gaunt, et al. 2002, 55 

McGavin, et al. 2013, Monteiro de Carvalho, et al. 2004), the actual design properties of the 56 

products have not been evaluated.  57 

Note that the new resource is harvested between 12 and 15 years after establishing the 58 

plantation and are about 15 to 30 cm in diameter at breast height. They can be either sourced 59 

from (i) the low quality trees (for instance, those that are crooked, smaller or have too many 60 

branches) removed in an operation referred to as “thinning” in “commercial” plantations pri-61 

marily established for high quality solid wood markets or (ii) from the clear felt trees of plan-62 

tations primarily established for pulpwood production. The former type of plantations repre-63 

sents 0.16 million hectares of Australia’s plantations and the latter 0.84 million hectares 64 

(Australian Government 2015, Gavran 2013). With an unfavourable market for pulpwood 65 

(McGavin, et al. 2014) and thinned logs deemed of poor quality, these small diameter logs 66 

currently have little to no commercial value in Australia (McGavin, et al. 2006).  67 

To ultimately predict the compressive strength of the new products, the objectives of this 68 

paper are to (i) extend the work in Gilbert, et al. (2017b) to numerically predict the compres-69 

sive strength of veneer-based structural products in a general form, (ii) illustrate the practicali-70 

ty of the proposed approach in product development and (iii) evaluate the compressive design 71 

properties of LVL columns and plywood boards manufactured from juvenile hardwood plan-72 

tation logs. Specifically, the theoretical framework of the proposed method, with an industrial 73 

perspective in mind, is first explained. Its characteristics and limitations are discussed. Second 74 

the strength prediction equations of early to mid-rotation hardwood plantation veneers pub-75 

lished in the literature (Gilbert, et al. 2017a) and used in this study to (i) validate the proposed 76 

methodology and (ii) illustrate its application are summarised. The resource consists of two 77 

species planted for solid timber end-products (Gympie messmate (GMS) - Eucalyptus cloezi-78 

ana and spotted gum (SPG) - Corymbia citriodora) and one species traditionally grown for 79 



pulpwood (southern blue gum (SBG) - Eucalyptus globulus). Third, the accuracy of the ap-80 

proach is verified against compressive experimental tests performed on twenty-four LVL 81 

samples manufactured from early to mid-rotation GMS and SPG veneers. Finally, the devel-82 

oped methodology is used to evaluate the compressive strength distributions and design prop-83 

erties of new products. Six commercially available LVL cross-sectional sizes and three types 84 

of plywood boards, all products manufactured from four different construction strategies and 85 

from GMS, SPG and SBG early to mid-rotation hardwood plantation logs, are considered as 86 

case studies.  87 

While a model has been developed by the author and co-workers to predict the bending 88 

strength of LVL beams (Gilbert, et al. 2017b), the novelty of this paper lies in extending for 89 

the first time the published methodology to predict the compressive strength of veneer-based 90 

structural products. Determining the bending, tensile, compressive and shear capacities of 91 

these products require different constitutive equations, as different mechanical behaviours are 92 

involved. The accuracy of all predicting models must therefore be thoughtfully verified, as in 93 

the present paper. Additionally, for the first time, the theoretical framework of probabilistical-94 

ly predicting the strength of wood veneers is developed with an industrial perspective in 95 

mind. The unknown compressive design properties of LVL columns and plywood boards 96 

manufactured from juvenile hardwood plantation logs is also quantified in the paper. 97 

 98 

THEORETICAL FRAMEWORK 99 

The elastoplastic constitutive equations (Willam 2003) which constitute the first part of the 100 

proposed methodology are introduced first in this section. These equations enable the com-101 

pressive strength of a final veneer-based structural product to be calculated from the known 102 

properties of its veneers. The second part of the proposed methodology, consisting of the gen-103 

eral form of the probabilistic strength prediction model of individual veneers, is then devel-104 



oped with an industrial perspective in mind. This veneer strength prediction is based on char-105 

acteristics which can be measured in line and the veneer size. Finally, the combination of the 106 

two previous items to cost-effectively predict the compressive strength distribution of new 107 

veneer-based structural products is detailed. 108 

Constitutive equations 109 

The compressive strength of veneer-based structural products is typically determined along 110 

the product principal axes and uniaxial compression assumption is consequently considered in 111 

the model. The elastic response of the ith veneer within a product is therefore described by the 112 

Hookes’s law. After yielding, the veneer plastic response is governed by: 113 

 ( ) ipipipieiei dEdEd ,,,,, εεεσ +=  (1) 114 

where σi is the veneer stress, Ee,i and Ep,i are the veneer elastic and plastic moduli, respective-115 

ly, and εe,i and εp,i are the veneer elastic and plastic strains, respectively. The stiffness Eep,i of 116 

the ith veneer, defined as a function of εp,i as, 117 
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is referred to as the elastoplastic stiffness. Eep,i is tangent to the non-linear stress-stress curve, 119 

as illustrated in Figure 1. Hardening and softening occur when Eep,i > 0 and Eep,i < 0, respec-120 

tively (Willam 2003). 121 

If the strain-stress curve in the principal direction of loading of each veneer is known, then  122 

Eep,i is known and the incremental compressive load dN applied to a n-layer veneer-based 123 

product of width W can be calculated as,  124 
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where ti is the thickness of the ith veneer and ε is the total strain. For each veneer, the relation-126 

ship between its plastic strain εp,i and the total strain is given in terms of the elastic and plastic 127 

moduli Ee,i and Ep,i of the veneer as, 128 
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Probabilistic strength prediction of individual veneers 130 

General 131 

Manufacturers typically predict the strength of timber elements from characteristics which can 132 

be measured in line, such as density, elastic modulus (also commonly referred to as Modulus 133 

of Elasticity (MOE)) or knot locations. The expected strength Rd of the element is calculated 134 

from a best fitted equation f as,  135 

 ( )kd cccfR ,...,, 21=  (5) 136 

where ci is the ith measured characteristic and k is the total number of measured characteris-137 

tics. Due to wood being a natural material, a variation exists between the actual (or measured) 138 

strength of the element and its predicted value from Eq. (5). For a given resource, this varia-139 

tion is expressed in term of the probability distribution function (PDF) h (or cumulative dis-140 

tribution function (CDF) H) for the random variable corresponding to the actual to predicted 141 

strength ratio (Rd,actual/Rd,predicted). The mean of the random variable is expected to be 1.0. The 142 

strength of a timber element can then be probabilistically determined from its measured char-143 

acteristics as,  144 

 ( ) ( )PHcccfR kactuald
1
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where H-1 is the inverse CDF (also referred to as “quantile function”) and P a random number 146 

in [0, 1].  147 



Characteristics ci and veneer grading 148 

All or parts of in line measured characteristics c1 to ck are typically used to grade timber ele-149 

ments and sort them into bins. For veneer-based products, veneers are randomly taken from 150 

one or more bins to manufacture a given grade of final product. For a given resource, the dis-151 

tributions of c1 to ck are known from accumulated past data. Let’s term gi the PDF of charac-152 

teristic ci and let’s assume that in the jth bin ci ranges in [Cij,L, Cij,U[. The PDF gij of ci in Bin j 153 

is given by the conditional PDF of gi as, 154 
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The value of characteristic ci of a veneer randomly taken from Bin j can then be obtained 156 

from the inverse CDF Gij-1 as, 157 

 ( )PGc iji
1−=  (8) 158 

where P is a random number in [0, 1]. 159 

Note that characteristics c1 to ck are assumed herein not to be correlated. Multivariable 160 

distributions can be used in the methodology above if two or more characteristics are correlat-161 

ed. 162 

Size effect 163 

The strength of a timber element is well known to be sensitive to its size (Barrett, et al. 1995, 164 

Madsen and Buchanan 1986). This phenomenon is commonly referred to as “size effect” 165 

(Isaksson 2003) and is most noticeable for tensile and bending brittle failure modes (Clouston 166 

and Lam 2001). Yet, timber elements failing in a ductile compressive mode are also known to 167 

be sensitive to size effects, but to a lower degree (ASTM D1900-16 2016, Barrett, et al. 1995, 168 

Madsen 1990, Madsen and Buchanan 1986). Therefore, the strength of wood veneers predict-169 



ed in Eq. (5) is only valid for the tested volume from which it was determined (Clouston and 170 

Lam 2001) and must be adjusted to reflect the volume of the veneer in a final veneer-based 171 

product. The weakest link theory (Weibull 1939) is well accepted in timber structures to per-172 

form this adjustment (Isaksson 2003, Madsen and Buchanan 1986). Note that while the theory 173 

has been developed for brittle, isotropic and homogeneous material (Fonselius 1997), it still 174 

applies to the ductile compressive failure mode experienced by timber structures as the failure 175 

occurs in the weakest cross-section (Madsen and Buchanan 1986). Moreover, the strength of 176 

timber elements is typically more sensitive to size variations perpendicular to the grain than 177 

parallel to it (ASTM D1900-16 2016, Barrett, et al. 1995, Zhou, et al. 2015). 178 

Let’s assume that the strength Rd1 of a veneer predicted by Eq. (5) was obtained at a vol-179 

ume V1 = L1 × W1 × H1 (with the grain parallel to the longitudinal direction L), the strength 180 

Rd2 of the same veneer at volume V2 = L2 × W2 × H2 can be deduced from the weakest link 181 

theory as (Isaksson 2003), 182 
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where k// and k⊥ are the shape factors related to the dimension(s) parallel and perpendicular to 184 

the grain, respectively. 185 

Numerical implementation for industrial applications 186 

How a manufacturer can predict the compressive strength distribution of an n-ply veneer-187 

based structural product manufactured from veneers randomly taken from selected bins is de-188 

tailed in the following steps.  189 

• Step 1 – Assign veneer characteristics: For each veneer l (l ∈ [1, n]) taken from Bin j, ran-190 

domly assign all its characteristic values ci from Eq. (8). 191 



• Step 2 – Assign veneer strength: For each veneer l, randomly assign its strength value Rd 192 

from Eq. (6) and correct Rd from Eq. (9) to reflect the actual size of the veneer within the 193 

simulated veneer-based structural product. 194 

• Step 3 – Assign stress-strain curves: Based on characteristic values in Step 1 and strength 195 

in Step 2, assign the known strain-strain curve to each veneer l. 196 

• Step 4 – Capacity prediction: Solve the constitutive equations in Section “Constitutive 197 

equations” and find the strength of the simulated product. 198 

• Step 5 – Repeat: Repeat Steps 1 to 4 to run Monte Carlo simulations and obtain the 199 

strength distribution of the final product.  200 

Limitations 201 

While wood veneers are also used in the manufacture of Parallel Strand Lumber (PSL) and 202 

Laminated Strand Lumber (LSL) structural products, these products differs from veneer-based 203 

products as they are not manufactured from full wood veneer sheets but from strands clipped 204 

from them. The proposed methodology does not apply to these products. Modelling of strand-205 

based composites from strand properties can be found in Clouston and Lam (2001), Clouston 206 

and Lam (2002) and Amini, et al. (2017).  207 

As a uniaxial compression assumption is made in the proposed methodology, only the com-208 

pressive failure mode is considered.   209 

 210 

VENEER PROPERTIES FROM LITERATURE 211 

To validate the accuracy of the proposed numerical approach (Section “Validation of the pro-212 

posed numerical approach”) and illustrate its application (Section “Illustration: Practical in-213 

dustrial application”), veneered resources for which the mechanical properties have been 214 

probabilistically published (Gilbert, et al. 2017a, Gilbert, et al. 2017b) are used. The key 215 



equations in Gilbert, et al. (2017a) of the compressive strength prediction of early to mid-216 

rotation GMS, SPG and SBG hardwood plantation veneers are summarised in the section for 217 

ease of reading. Other properties established in Gilbert, et al. (2017b) are also briefly intro-218 

duced. The interested reader can refer to Gilbert, et al. (2017a) and Gilbert, et al. (2017b)  for 219 

detailed information.  220 

Strength prediction  221 

The compressive strength of the GMS, SPG and SBG veneers is determined from two charac-222 

teristics c1 and c2 which can be measured in line during manufacturing, namely the veneer dy-223 

namic MOE and its total knot area ratio (tKAR) (Isaksson 1999). The dynamic MOE can be 224 

obtained by measuring the propagation time of an ultrasonic wave along the width of the ve-225 

neer ribbon (Achim, et al. 2011) and the tKAR can be measured with a linear camera which 226 

scans the veneer ribbon as it passes. Examples of such veneer tester machines are commer-227 

cialised for instance by Metriguard (2017) and Camsensor Technologies Ltd (2009). The gen-228 

eral strength best fit prediction in Eq. (5) is expressed in the form (Gilbert, et al. 2017a), 229 

 ( )tKARMOERd ⋅−⋅= γα β 1  (10) 230 

where coefficients α, β and γ are given in Table 1 for each species. For the three species of 231 

interest, Eq. (10) predicted the observed strength with a coefficient of determination R2 rang-232 

ing from 0.63 (GMS) to 0.74 (SPG). The relationship between Rd and the veneer dynamic 233 

MOE for the GMS species found in (Gilbert, et al. 2017a) is shown in Figure 2 (a). Note that 234 

for each species, Eq. (10) was determined from tests performed on 90 veneer sheets. Each 235 

sheet was cut into three strips which were glued together to manufacture 3-ply LVL test sam-236 

ples. The samples of nominal dimensions L1 = 630 mm × W1 = 100 mm × H1 = 7.5 mm were 237 

prevented from lateral buckling every 55 mm by rollers (AS/NZS 2269.1 2012) and tested in 238 

compression, as shown in Figure 2 (b). Also note that while the influence of the knots on the 239 

capacity on timber structural products is principally considered for tension and bending fail-240 



ures (Fink and Kohler 2014, Johansson 2003), considering the tKAR value in Eq. (10) was 241 

found to significantly improve the compressive strength prediction (Gilbert, et al. 2017a). The 242 

coefficient of determination R2 was improved by 12% on average.   243 

A two-parameter Weibull distribution was found to best fit the CDF H of the random vari-244 

able corresponding to the actual to predicted strength ratio (Rd,actual/Rd,predicted) in the form, 245 
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where the shape factor k and the scale parameter λ (Fonselius 1997) are given in Table 1 for 247 

all species.  248 

Veneer grading and characteristics  249 

The three different veneer grades defined in Gilbert, et al. (2017a) and using the veneer MOE 250 

value as the sole grading indicator are used in the present paper. The MOE cut-off values be-251 

tween each grade are summarised in Table 2 and are based on the expected distributions of 252 

MOE encountered in a mill (McGavin, et al. 2015). The grades divide veneers into three bins, 253 

each with an equal number of veneers, and mimic a simple way a manufacturer could divide 254 

the veneers. The grades are referred to as “Low” (L), “Medium” (M) and “High” (H). While it 255 

is understood that how veneers are divided into bins would vary with both the final structural 256 

products and the specific strategies adopted by a manufacturer, the three grades above were 257 

arbitrary chosen for simplicity in Gilbert, et al. (2017a).  258 

The distribution of the dynamic veneer MOE (characteristic c1) has been quantified in 259 

McGavin, et al. (2015) for the resources analysed. This characteristic is modelled in this paper 260 

through a Weibull distribution and its overall CDF G1 is in the form, 261 
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where k1 and λ1 are given in Table 3 for all species.  263 

The distribution of the expected tKAR value of a veneer of length L (characteristic c2) is 264 

defined in Gilbert, et al. (2017a). For each grade, a Weibull distribution was also found to best 265 

fit the distribution of the tKAR values. The CDF G2j for characteristic c2 in Bin j (j = [L, M, 266 

H]) is in the form (see Gilbert, et al. (2017a) for more details), 267 
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where Lref = 150 mm. k2j and λ2j are given in Table 3 for all species and grades. 269 

Stress-strain curves and size effect 270 

When developing a numerical model to predict the strength of LVL beams (Gilbert, et al. 271 

2017b), a tri-linear compressive stress-strain relationship (see Figure 1) was found to provide 272 

accurate results for the three species studied in this paper. The values of the slopes m1 and m2, 273 

and yielding point (proportional limit) y1 in Figure 1 were derived in Gilbert, et al. (2017b) 274 

from the characteristic stress-strain relationship measured from compression test results and 275 

model calibration. Values of m1 = 50% , m2 = 7% and y1 = 1/1.2 were adopted in Gilbert, et al. 276 

(2017b) and used in this paper.  277 

Based on the literature and model calibration in Gilbert, et al. (2017b), the shape factors 278 

for the three species of interest in this study were derived in Gilbert, et al. (2017b) as k// = 279 

2×k⊥ = k, where k is given in Table 1 for each species. These values are adopted herein. 280 

 281 

VALIDATION OF THE PROPOSED NUMERICAL APPROACH 282 

Experimental program  283 

The proposed numerical methodology is validated through two series of tests. The first series 284 

has been performed by McGavin, et al. (2013) on sixteen 13-ply LVL panels manufactured 285 

from early to mid-rotation GMS and SPG veneers. The second series has been performed as 286 



part of this study on seven 15-ply and one 12-ply LVL panels manufactured from SPG ve-287 

neers.  288 

In the first series (McGavin, et al. 2013), eight SPG and eight GMS 13-ply LVL 1,080 289 

mm × 1,800 mm panels were manufactured using four different construction strategies and 290 

3.0 mm nominal thick veneers. Out of each panel, one nominal L2 = 234 mm (long) × W2 = 55 291 

mm (wide) sample was cut for compression testing perpendicular to the grain. All samples 292 

were tested in compression parallel to the grain following the recommendations in the Aus-293 

tralian/New Zealand standard AS/NZS 4357.2 (AS/NZS 4357.2 2006) at a constant loading 294 

rate to reach failure within 1 to 5 mins. Refer to McGavin, et al. (2013) for more details. 295 

In the second series, the seven 15-ply LVL panels were manufactured from plies cut from 296 

five different 2.5 mm nominal thick veneer sheets, with three plies cut per sheet. Similarly, 297 

the 12-ply LVL panel was manufactured from four different 2.5 mm nominal thick veneer 298 

sheets, also with three plies cut per sheet. Six different construction strategies were used, with 299 

panels manufactured only with veneers of dynamic MOE (i) greater than 21 GPa (Panel 1), 300 

(ii) between 20 to 21 GPa (Panel 2), (iii) between 18 to 20 GPa (Panel 3), (iv) between 16 to 301 

18 GPa (Panel 4), (v) less than 16 GPa (Panel 5) and (vi) random selection of veneers (Panels 302 

6 to 8). Out of each panel, two nominal L2 = 90 mm (long) × W2 = 80 mm (wide) samples 303 

were cut for compression testing. The samples were tested in compression parallel to the grain 304 

in a universal 500 kN MTS testing machine at a stroke rate of 0.3 mm/min to reach failure in 305 

3 to 5 mins. The samples were positioned between a fixed bottom platen and an upper platen 306 

mounted on a spherical seat so as to provide full contact between the platens and the speci-307 

mens. 308 

The different sample sizes and number of veneer sheets used in the two series of tests al-309 

low to more thoroughly verifying the accuracy of the model. Indeed, different size effects re-310 



sult from Eq. (9), equal to 1.32 for the first series and 1.16 for the second for the SPG sam-311 

ples. 312 

In both series: (i) the veneers used in the manufacturing were different to the ones used in 313 

Gilbert, et al. (2017a) but are from the same resources, (ii) only the longitudinal dynamic 314 

MOE of each veneer (characteristic c1) was acoustically measured prior to manufacturing, i.e. 315 

the tKAR value (characteristic c2) of the wood veneers was not recorded, (iii) the LVL sam-316 

ples were manufactured using the same procedure as the test samples in Gilbert, et al. 317 

(2017a), and (iv) all samples were conditioned at 20°C and 65% relative humidity prior to 318 

testing. 319 

Numerical simulations  320 

10,000 Monte Carlo simulations are run per tested LVL sample to estimate the expected dis-321 

tribution of the sample compressive strength from the measured veneer MOE (characteristic 322 

c1), the known distribution of the total knot area ratio (characteristic c2) and Eqs. (6, 10). This 323 

is illustrated in the flowchart in Figure 3 based on the procedure detailed in Section 324 

“Numerical implementation for industrial applications”.  325 

Results  326 

Table 4 and Table 5 give the ratios of the simulated compressive strength at the 5th, 50th and 327 

95th percentile to the measured one of each tested panel for the SPG and GMS panels, respec-328 

tively. The measured strength is taken as the average of two tests for the second series of tests. 329 

The coefficient of variation (CoV) of the simulations is also given in the tables and provides 330 

an indication of the spread of the numerical results.  331 

The proposed method is able to accurately predict the measured strength, with the ratio 332 

between the predicted 50th percentile strength to the measured one ranging from 0.90 (1st se-333 

ries and SPG) to 1.17 (2nd series and SPG). While the proposed approach tends to slightly 334 

overestimate the capacity, especially for the SPG 2nd series of tests, the average predicted 50th 335 



percentile to experimental capacity ratio is close to 1.00 and equal to 1.03 and 1.06 for the 336 

tests performed SPG and GMS samples, respectively. The coefficient of variation of the pre-337 

dicted to experimental ratio is low and equals to 0.08 and 0.05 for the SPG and GMS samples, 338 

respectively. To better outline the accuracy of the model and the distribution of the simulated 339 

to experimental results, Figure 4 plots the CDF of the 50th simulated compressive strength to 340 

the experimental strength with the best fit normal distribution.  341 

The overall accuracy of the proposed approach is further outlined by the low spread of the 342 

simulations, as outlined from their CoV in Table 4 and Table 5. These CoV correspond to a 343 

difference between the predicted 5th and 95th percentile strengths of only 5 to 7 MPa for the 1st 344 

series of tests and, due to a lower number of veneers, of 9 to 11 MPa for the 2nd series of tests. 345 

Indeed, in a veneer-based product, a higher number of veneers produces a more uniform final 346 

product, and therefore the more the number of veneers is, the lower the coefficient of varia-347 

tion in the final mechanical properties is (Sasaki and Kawai 1994). 348 

The overall non-linear behaviour of the samples is also well captured. Figure 5 plots the 349 

simulated compressive stress-strain curves parallel to the grain versus the ones obtained ex-350 

perimentally for Panels 5 and 7 of the SPG 2nd series of tests. The simulated curves were ran-351 

domly selected from simulations resulting in a compressive strength equal to the 50th percen-352 

tile one at +/- 1%. Still in Figure 5, the experimental strain was obtained from the stroke dis-353 

placement of the universal testing machine. While it is understood that this reading does not 354 

predict the actual deformation of the samples, as it also measures the overall stiffness of the 355 

testing machine and associated attachments, it still provides a sound indication of the overall 356 

shape of the stress-strain curve of the tested specimens. Consequently, the experimental 357 

stress-strain curves were adjusted herein by multiplying the strain values obtained from the 358 

universal testing machine by a constant so that the linear part of the experimental curves 359 

matches the one of the simulated curves. Only the overall shape of the curves is of interest. 360 



Ignoring the initial part of the experimental stress-strain curves, corresponding to the upper 361 

platen adjusting to the tested specimens, the non-linear behaviour of the tested samples up to 362 

failure is well reproduced. When failure has fully developed, the experimental stress decreas-363 

es at a faster rate than the numerical one. This phenomenon is explained by the actual material 364 

compressive stress-strain curve which decreases at a faster rate at large deformations than the 365 

tri-linear modelled curve, as presented in Figure 1.  366 

 367 

ILLUSTRATION: PRACTICAL INDUSTRIAL APPLICATION 368 

General 369 

The application of the proposed numerical method and how a manufacturer could predict the 370 

compressive strength distributions and associated design strengths of veneer-based products 371 

manufactured from new species is illustrated in this section. Specifically, the strength distri-372 

butions of six commercially available LVL sizes (Carter Holt Harvey Woodproducts 2015) 373 

and three plywood types (AS/NZS 2269.0 2012) are numerically investigated using Monte 374 

Carlo simulations. All products are considered to be either manufactured from early to mid-375 

rotation GMS, SPG or SBG hardwood plantation veneers.  376 

The LVL columns considered herein are all manufactured from 3.0 mm thick veneers and 377 

are (i) three 15-ply (45 mm thick) columns of width of 200 mm, 300 mm and 400 mm, and 378 

(ii) three 21-ply (63 mm thick) columns of width of 240 mm, 400 mm and 600 mm. The three 379 

plywood boards are (i) 5-ply of 3.0 mm thick veneers, i.e. nominal 15 mm thick boards, re-380 

ferred to as “15-30-5”, (ii) 7-ply of alternate 3.0 mm and 2.4 mm thick veneers with the 3.0 381 

mm veneers used as the face veneers, i.e. nominal 19 mm thick boards, referred to as “19-30-382 

7” and (iii) 9-ply also of alternate 3.0 mm and 2.4 mm thick veneers with the 3.0 mm veneers 383 

used as the face veneers, i.e. nominal 25 mm thick boards, referred to as “25-30-9”. 384 



For all products, four different possible construction strategies that a manufacturer could 385 

consider are investigated herein: 386 

• Low (L): the products are solely manufactured from the “Low” grade veneers mentioned in 387 

Section “Veneer grading and characteristics”. 388 

• Medium (M): the products are solely manufactured from the “Medium” grade veneers. 389 

• High (H): the products are solely manufactured from the “High” grade veneers. 390 

• All (A): the products are manufactured by mixing the grades as (i) the LVL columns are 391 

manufactured with an equal number of veneers from each grade, (ii) the 5-ply plywood is 392 

manufactured with one “Low” veneer (middle one), two “Medium” veneers (adjacent to 393 

the middle one) and two “High” veneers (face veneers), (iii) the 7-ply plywood is manufac-394 

tured with three “Low” veneer (middle ones), two “Medium” veneers (adjacent to the mid-395 

dle ones) and two “High” veneers (face veneers) and (iv) the 9-ply plywood is manufac-396 

tured with an three “Low” veneer (middle ones), four “Medium” veneers (adjacent to the 397 

middle ones) and two “High” veneers (face veneers).  398 

Parametric studies 399 

Per studied configuration, 10,000 Monte Carlo simulations are run in reference to the 400 

flowchart in Figure 3 and Section “Numerical implementation for industrial applications”. 401 

The compression tests are simulated following the recommendations in the Australian/New 402 

Zealand standards AS/NZS 4357.2 (AS/NZS 4357.2 2006) for LVL and AS/NZS 2269.1 403 

(AS/NZS 2269.1 2012) for plywood. The length of the simulated LVL columns is therefore 404 

six times the smaller nominal cross-sectional dimension. The plywood samples are 300 mm 405 

wide × 1,200 mm long and considered to be laterally restrained. For the plywood products, 406 

the compression tests are simulated parallel and perpendicular to the face grain. Following the 407 

recommendations in the AS/NZS 2269.1 (AS/NZS 2269.1 2012), the compressive strengths 408 



of the plywood boards are determined by only considering the thickness of the plies parallel to 409 

the load in the calculation of the cross-sectional area. 410 

For the plywood products, as the compressive stress-strain curves of the veneers perpen-411 

dicular to the grain of the three studied species has not been quantified, its general form is ex-412 

tracted from the literature. When loaded perpendicular to the grain, the stress in a timber ele-413 

ment typically increases linearly until plasticity occurs, which ultimately develops to the 414 

stress moderately and linearly increasing (Holmberg, et al. 1999). The MOE and strength per-415 

pendicular to the grain are about 12 to 35 times and about 6 to 12 times less than the ones par-416 

allel to the grain (Kretschmann 2010), respectively. In this study, a perfect elastic-plastic rela-417 

tionship is used for the plies loaded perpendicular to the grain with the compressive MOE and 418 

strength conservatively taken as 1/35 and 1/12 times the ones parallel to the grain, respective-419 

ly, from the lower ratios on hardwood species reported in Kretschmann (2010). Note that ig-420 

noring the stiffness of the plies perpendicular to the grain (as in design practices) will de-421 

crease the design compressive strength calculated in Section “Plywood results” by 2.6% and 422 

6.5% on average when tested parallel and perpendicular to the face grain, respectively. How-423 

ever, using higher range values for the MOE and strength perpendicular to the grain in the 424 

model, i.e. equal to 1/12 (MOE) and 1/6 (strength) times the ones perpendicular to the grain, 425 

would increase the design compressive strength in Section “Plywood results” on average by 426 

4.9% and 14.8% when tested parallel and perpendicular to the face grain, respectively. 427 

The uncertainty in the numerical method in predicting the actual compressive strength of 428 

the analysed structural products is also taken into account herein. The average predicted to 429 

actual strength ratio (Mean/Nominal = 1.05) and CoV (= 0.08), derived from the results re-430 

ported in Section “Validation of the proposed numerical approach”, are used with an assumed 431 

normal distribution.  432 



Note that while the proposed approach in this paper can predict the stiffness of the prod-433 

ucts, the MOE distribution of the new products is out of the scope of this study. Indeed, the 434 

dynamic MOE of the veneers, measured in line during manufacturing through an acoustic 435 

method and used in the constitutive equations as the veneer stiffness, is different to the static 436 

one. This effect is due to the viscoelastic nature of the wood (Banks, et al. 2011, Bruel and 437 

Kjaer 1982) and also maybe from hot pressing the veneers and gluing them during the manu-438 

facturing process. While using the veneer dynamic MOE in the elastoplastic constitutive 439 

equations does not change the compressive stress distribution, it creates inaccuracies in de-440 

termining the static stiffness to be used for design. When the exact relationship between the 441 

dynamic MOE of the veneers and their associated static MOE within a glued veneer-based 442 

product is established, the static MOE of the analysed products can be accurately established. 443 

LVL results  444 

Table 6 gives the simulated design compressive strength, defined as the 5th percentile 445 

strength, for all investigated LVL columns. The design compressive strength is found to range 446 

from 34.4 MPa (600×63 Low SBG columns) to 67.2 MPa (200×45 High GMS columns). Due 447 

to the size effect and the length of the tested specimens increasing with their cross-sectional 448 

dimensions [4], the wider the column is, the lower its compressive design strength.  449 

The values reported in Table 6 are of the same order of magnitude as, or superior to (up to 450 

1.6 times), the design compressive strength of softwood LVL structural products commercial-451 

ised in Australia, ranging from 35 MPa (Hyne timber 2016) to 42 MPa (Carter Holt Harvey 452 

Woodproducts 2015). Specifically, all columns manufactured from the “Medium” and “High” 453 

grade veneers, at the exception of the 600×63 SBG columns, have design strengths greater 454 

than 42 MPa. Still at the exception of the 600×63 SBG columns, all columns manufactured 455 

from the “Low” grade veneers have design strengths greater than 35 MPa. The GMS columns 456 



result in the highest design strength, with values 5% to 7% and 15% to 20% greater than the 457 

SPG and SBG columns, respectively.  458 

Figure 6 plots the simulated strength distributions of the 240×63 LVL columns manufac-459 

tured from all grades and species. The simulations for all remaining columns show a similar 460 

trend. Lognormal distributions provide a good fit for all distributions, with a low Kolmogo-461 

rov-Smirnov test result, typically lower than 0.04. The average mean to design strength ratio 462 

and associated CoV of the 72 analysed configurations are 1.15 and 0.086, respectively. 463 

Plywood results  464 

Table 7 provides the simulated design compressive strength, defined as the 5th percentile 465 

strength, for all investigated plywood boards. The design strength ranges from 33.9 MPa (15-466 

30-5 Low SBG boards) to 62.3 MPa (25-30-7 High GMS boards). Similar to the LVL col-467 

umns, boards manufactured from GMS and SBG veneers result in the highest and lowest 468 

compressive design strengths, respectively.  469 

The Australian/New Zealand standard for plywood AS/NZS 2269.0 (AS/NZS 2269.0 470 

2012) defines eight plywood grades, defined to as “F-grades”, based on the mechanical prop-471 

erties of the boards. The grades range from F7 (compressive design strength of 15 MPa) to 472 

F34 (compressive design strength of 75 MPa). Grades F11 and F14, which have design com-473 

pressive strengths of 25 MPa and 30 MPa, respectively, correspond to the most commonly 474 

sold plywood boards. This likely aligns with the mechanical properties that can be obtained 475 

from the available softwood resources. In terms of compressive strength, all boards in Table 7 476 

can be classified as grade F14 or better, and are equal or therefore superior to the most com-477 

monly available softwood plywood boards in Australia. All High SPG and GMS plywood 478 

boards are at least graded as F22, corresponding to a compressive design strength of 50 MPa. 479 

Figure 7 plots the strength distributions of the 19-30-7 plywood boards manufactured 480 

from all grades and species. The simulations for all remaining boards show a similar trend. 481 



Similar to the LVL columns, lognormal distributions provide a good fit for all distributions, 482 

with a low Kolmogorov-Smirnov test result, also typically lower than 0.04. The average mean 483 

to design strength ratio and associated CoV of the 72 analysed configurations are 1.19 and 484 

0.10, respectively. 485 

 486 

CONCLUSION  487 

This paper proposed a numerical approach to accurately determine the compressive strength 488 

of veneer-based structural products from classical elastoplastic constitutive equations and a 489 

probabilistic strength prediction model of the individual veneers. The accuracy of the pro-490 

posed approach was verified against experimental tests performed on twenty-four LVL sam-491 

ples of various sizes and manufactured from SPG and GMS veneers. Results showed that the 492 

proposed approach allows to accurately predicted the strength of the LVL samples with an 493 

overall predicted to experimental ratio of 1.05 and low coefficient of variation of 0.08. 494 

The industrial applications of the proposed methodology were then demonstrated by de-495 

termining the compressive strength distributions and design capacities of six commercially 496 

available LVL columns and three types of plywood boards. All manufactured using four dif-497 

ferent construction strategies and from GMS, SPG and SBG early to mid-rotation hardwood 498 

plantation logs. This resource is currently not used in the manufacturing of veneer-based 499 

structural products. An established database of the veneer mechanical properties was used for 500 

this purpose. Results showed that the LVL columns have design strengths of a similar order of 501 

magnitude of and up to 1.6 times greater than the ones of softwood LVL structural products 502 

commercialised in Australia. Plywood boards were found to achieve at least a F14 grade in 503 

terms of compressive strength. They are consequently of similar or higher grade that the most 504 

commonly used Australian plywood boards. 505 

 506 
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 621 

Table 1: Coefficients α, β, γ and parameters k and λ to predict the compressive strength Rd of the three 622 

investigated species (Gilbert, et al. 2017a) 623 

Species α β γ k λ 
SPG 0.490 0.506 0.437 15.60 1.035 
SBG 0.810 0.437 0.246 11.74 1.039 
GMS 0.680 0.474 0.388 16.09 1.031 
 624 

Table 2: MOE cut-off values for each grade and investigated species in Gilbert, et al. (2017a)  625 

Species Low grade (MPa) Medium grade (MPa) High grade (MPa) 
SPG MOE < 14,000 14,000 ≤ MOE < 17,900 MOE ≥ 17,900 
SBG MOE < 14,100 14,100 ≤ MOE < 18,000 MOE ≥ 18,000 
GMS MOE < 14,600 14,600 ≤ MOE < 18,200 MOE ≥ 18,200 

 626 

Table 3: Parameters k1 and λ1 to predict characteristic c1 (extracted from McGavin, et al. (2015)) and 627 

parameters k2j and λ2j to predict characteristic c2 for all grades (given in Gilbert, et al. (2017a)) for the 628 

three investigated species  629 

 Characteristic c1 
(MOE) 

Characteristic c2  
(tKAR) 

Species k1 λ1 k2L λ2L k2M λ2M k2H λ2H 
SPG 4.69 17646 10.43 0.885 13.35 0.939 17.74 0.981 
SBG 4.69 17465 22.67 0.948 25.39 0.974 43.13 0.980 
GMS 4.30 17766 30.02 0.977 46.99 0.991 63.86 0.998 
 630 

  631 



 632 

Table 4: Proposed numerical approach validation for SPG panels: Ratios of simulated compres-633 

sive strength at 5th, 50th and 95th percentile to experimental strength and CoV of the simulations 634 

Series of test Panel ID 5th/Exp. 50th/Exp. 95th/Exp. CoV simulation (%)  
1st 

(McGavin, et 
al. 2013) 

1 1.03 1.08 1.12 2.40 
2 0.97 1.02 1.05 2.39 
3 0.90 0.94 0.98 2.58 
4 0.87 0.91 0.95 2.64 
5 0.86 0.90 0.93 2.58 
6 0.97 1.02 1.06 2.54 
7 1.05 1.09 1.13 2.48 
8 0.93 0.98 1.01 2.46 

2nd 1 1.06 1.13 1.19 3.70 
2 1.09 1.17 1.23 3.70 
3 1.00 1.07 1.13 3.72 
4 1.02 1.09 1.15 3.76 
5 0.96 1.03 1.09 3.78 
6 1.04 1.12 1.18 3.77 
7 0.97 1.04 1.09 3.74 
8 0.83 0.91 0.96 4.30 

Average 0.97 1.03 1.08  
CoV (%) 7.93 8.14 8.51  

 635 

 636 
Table 5: Proposed numerical approach validation for GMS panels: Ratios of simulated compres-637 

sive strength at 5th, 50th and 95th percentile to experimental strength and CoV of the simulations 638 

Series of test Panel ID 5th/Exp. 50th/Exp. 95th/Exp. CoV simulation (%)  
1st 

(McGavin, et 
al. 2013) 

1 1.08 1.12 1.16 2.22 
2 1.06 1.11 1.14 2.25 
3 0.99 1.03 1.07 2.30 
4 0.93 0.97 1.01 2.30 
5 0.99 1.03 1.07 2.36 
6 1.00 1.04 1.08 2.36 
7 1.08 1.13 1.17 2.32 
8 0.98 1.02 1.06 2.31 

Average 1.01 1.06 1.09  
CoV (%) 5.35 5.28 5.26  

 639 

  640 



 641 

Table 6: Simulated design compressive strength (5th percentile of simulations) for LVL columns  642 

LVL Grade SPG SBG GMS 
200×45 L 45.4 42.4 48.8 

 M 56.2 50.4 59.6 
 H 64.6 55.7 67.2 
 A 54.9 48.9 57.9 

300×45 L 43.0 39.5 46.4 
 M 53.3 47.1 56.8 
 H 61.4 51.9 64.1 
 A 52.3 45.8 55.0 

400×45 L 41.4 37.7 44.6 
 M 51.3 44.9 54.8 
 H 58.9 49.5 61.7 
 A 50.4 43.4 53.1 

240×63 L 42.9 40.1 46.4 
 M 53.2 47.4 57.1 
 H 61.4 52.6 64.6 
 A 52.3 46.2 55.5 

400×63 L 40.3 36.6 43.7 
 M 50.0 43.6 53.7 
 H 57.5 48.1 60.6 
 A 48.9 42.4 51.9 

600×63 L 38.2 34.4 41.6 
 M 47.4 40.7 51.0 
 H 54.8 45.0 57.4 
 A 46.5 39.5 49.5 

 643 

  644 



 645 

Table 7: Simulated design compressive strength (5th percentile of simulations) for plywood 646 

boards and F-grade classification in AS/NZS 2269.0 (AS/NZS 2269.0 2012) shown in brackets 647 

  Load parallel to face veneer Load perpendicular to face veneer 
Plywood Grade SPG SBG GMS SPG SBG GMS 
15-30-5 L 36.0 (F14) 33.9 (F14) 40.8 (F17) 36.6 (F14) 34.1 (F14) 41.5 (F17) 

 M 46.5 (F17) 40.6 (F17) 51.5 (F22) 47.3 (F17) 41.0 (F17) 52.3 (F22) 
 H 54.2 (F22) 45.1 (F17) 58.1 (F22) 55.2 (F22) 45.8 (F17) 59.3 (F22) 
 A 47.8 (F17) 40.9 (F17) 51.7 (F22) 47.6 (F17) 41.4 (F17) 52.8 (F22) 

19-30-7 L 36.5 (F14) 34.1 (F14) 41.2 (F17) 39.1 (F14) 36.6 (F14) 44.0 (F17) 
 M 46.6 (F17) 41.0 (F17) 51.7 (F22) 49.6 (F17) 43.9 (F17) 54.9 (F22) 
 H 54.5 (F22) 45.5 (F17) 58.3 (F22) 57.8 (F22) 48.7 (F17) 62.1 (F27) 
 A 45.0 (F17) 39.1 (F14) 48.9 (F17) 46.2 (F17) 41.3 (F17) 51.5 (F22) 

25-30-7 L 37.0 (F14) 34.4 (F14) 41.5 (F17) 39.6 (F14) 37.0 (F14) 44.3 (F17) 
 M 46.9 (F17) 41.1 (F17) 51.8 (F22) 49.5 (F17) 44.2 (F17) 55.0 (F22) 
 H 54.8 (F22) 45.8 (F17) 58.6 (F22) 58.0 (F22) 49.0 (F17) 62.3 (F27) 
 A 47.6 (F17) 41.2 (F17) 51.9 (F22) 45.1 (F17) 41.1 (F17) 50.5 (F22) 

 648 

  649 



 650 

 651 

 652 

Figure 1: Stress-strain relationship for timber in compression 653 

  654 



 655 

(a) 656 

 657 

(b) 658 

Figure 2: (a) compressive strength versus veneer dynamic MOE relationship for GMS in Gilbert, et 659 
al. (2017a) and (b) veneer compression test set-up in (Gilbert, et al. 2017a) (schematic and actual)  660 

 661 



 662 

Figure 3: Flowchart for validation and application illustration of the proposed numerical approach 663 

 664 



 665 

Figure 4: CDF of 50th simulated compressive strength to experimental strength with normal distribu-666 
tion 667 
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 670 

 671 

Figure 5: Stress-strain curves of simulations versus test results for Panels 5 and 7 of the SPG 2nd se-672 
ries of tests (Note, the strain of the experimental results is calculated from an adjusted universal testing 673 

machine stroke) 674 

 675 
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 677 

 678 

Figure 6: Simulated compressive strength distributions for the 240×63 LVL columns 679 
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 683 

Figure 7: Simulated compressive strength distributions for the 19-30-7 plywood boards, loaded paral-684 

lel to the grain of the face veneers 685 
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