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Abstract

Reliable evaluation of mechanical performance is a central constraint for structural reuse of reclaimed timber. This study
provides a controlled comparative assessment of non-destructive indicators for piece-wise characterisation of reclaimed
Norway spruce elements intended for reuse as glulam lamellas. Visual assessment, longitudinal dynamic excitation, and
CT-derived modelling indicators were evaluated against global and zone-wise flatwise bending tests on 56 reclaimed
beams from a single material stream with known species, cross-section, and initial strength class. Dynamic excitation
provided the most reliable single predictor of global bending stiffness at specimen level. Visual assessment showed
limited discriminatory power for this comparatively homogeneous material. CT-derived indicators based on density and
orientation fields reproduced principal intra-member stiffness variations associated with knots and fibre disturbance and
showed predictive capability of similar order to established mechanical non-destructive indicators. Systematic differences
between methods were primarily attributable to moisture-state uncertainty, modelling assumptions, and the global nature
of the mechanical reference tests. Strength-related results, based on a limited destructive subset, are interpreted as explor-
atory. Within these bounds, the study establishes a comparative reference dataset for multi-modal evaluation of reclaimed
structural timber and demonstrates how conventional and volumetric indicators complement each other in resolving global
stiffness and intra-member variability relevant to allocation in engineered wood products.
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1 Introduction
1.1 Reclaimed timber in circular construction

The construction sector faces the dual challenge of expand-
ing infrastructure while reducing greenhouse-gas emis-
sions. Timber can contribute to both goals, particularly
when reused from existing building stocks, off-cuts or waste
rather than sourced as virgin material. Reuse extends ser-
vice life, preserves biogenic carbon, and reduces demand
for primary resources (Churkina et al. 2020; NuBholz et al.
2023; Howard et al. 2022). Within circular construction
strategies, reclaimed timber therefore represents a poten-
tially high-value structural resource rather than a low-grade
waste stream (Byers et al. 2024; Griiter et al. 2023).

Cascading use is central to circular timber strategies:
material should be directed to the highest-value structural
application compatible with its remaining performance
(Hudert and Pfeiffer 2019). Recent research and demonstra-
tion projects show that reclaimed timber can be integrated
into engineered products such as glulam and cross-lami-
nated timber, provided that variability and uncertainty are
explicitly managed (Rose et al. 2018; Chulain et al. 2023;
Dong et al. 2024b; Vonk et al. 2024). European initiatives
increasingly treat reclaimed structural timber as a secondary
resource base for engineered construction systems (Dong
et al. 2024a; Pronk et al. 2022; Lebossé et al. 2022; Bergsa-
gel and Heisel 2023; Asa et al. 2024; Kauniste et al. 2024).
It is emphasised that reliable reuse depends less on mate-
rial availability than on the ability to evaluate mechanical
performance and assign suitable structural roles (Novais
Passarelli et al. 2025; Heisel and Bergsagel 2025; Nieder-
westberg et al. 2025; Godina et al. 2025).

Despite this potential, structural reuse remains limited
by technical and economic barriers (Byers et al. 2024;
Thomsen et al. 2023). Timber already exhibits large natural
variability, even for known origin, species, and geometry.
Reclaimed material amplifies uncertainty through unknown
provenance and processing, altered geometry, and heteroge-
neous exposure and loading histories. Ageing and environ-
mental exposure can introduce damage mechanisms that are
difficult to detect by routine inspection, and long-term load-
ing can reduce strength more than stiffness through dura-
tion-of-load effects (Crews and Mackenzie 2008; Falk et al.
2008; Cavalli et al. 2016). Embedded fasteners, cavities, and
surface treatments add both structural discontinuities and
measurement artefacts (Bergsagel and Heisel 2023). As a
result, conservative assumptions dominate reuse decisions,
and structurally capable material is frequently downgraded
or diverted to non-structural applications (Novais Passarelli
et al. 2025; Heisel and Bergsagel 2025).
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A promising route is to shift from batch-level certifica-
tion logic to piece-wise allocation into engineered products.
In glulam, for example, performance can be influenced by
how lamellas are selected and positioned, making stiffness-
resolved information valuable for allocating heterogeneous
reclaimed stock to stress-appropriate locations (Tamke et al.
2021). Automated matching workflows are being devel-
oped (Haakonsen et al. 2024). This motivates assessment
approaches that treat reclaimed timber as received, with
limited prior information, high intra- and inter-piece vari-
ability, and the need for reliable and automated decisions
at the element scale (Niederwestberg et al. 2025; Godina
etal. 2025).

1.2 Non-destructive evaluation of reclaimed timber

A broad range of non-destructive evaluation (NDE) tech-
niques is available for assessing mechanical properties of
timber. Visual assessment, dynamic excitation, ultrasonic
and stress-wave methods, and local penetration or drilling
resistance measurements provide indicators of stiffness,
density, and strength (Piazza and Riggio 2008; Rinn et al.
1996; Piazza and Del Senno 2021). For reclaimed mate-
rial, combinations of methods are often proposed because
individual techniques tend to correlate more strongly with
stiffness than with strength (Piazza and Del Senno 2021)
and may not capture hidden defects or degradation (Novais
Passarelli et al. 2025).

Recent literature on reused structural timber highlights
the need to integrate mechanical, geometrical, and mate-
rial information at the element level (Heisel and Bergsagel
2025; Niederwestberg et al. 2025). Existing studies demon-
strate feasibility, but reported predictive performance varies
widely with material stream, species, and reference testing,
and comparative benchmarks across measurement modali-
ties remain limited (Ranttila et al. 2025; Godina et al. 2025).

X-ray computed tomography (CT) provides detailed vol-
umetric information on internal density, from which wood
physical properties (Lindgren 1992; Hansson et al. 2017),
anatomical features (Longuetaud et al. 2012), and fibre ori-
entation (Hu et al. 2022, 2025) can be inferred. CT is used
industrially to optimise sawing (Rais et al. 2017) and has
been employed in research to derive predictors and com-
putational models of stiffness and strength of virgin timber
(Huber et al. 2022), complementing models derived from
surface data (Lukacevic et al. 2019). Although CT is not
currently practical for routine assessment of reclaimed tim-
ber, it offers a high-resolution reference modality against
which more scalable sensing and modelling approaches can
be evaluated. The literature emphasises the role of reuse
workflows of such reference datasets in developing reliable,
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automated assessment pipelines (Novais Passarelli et al.
2025).

1.3 Performance assessment

In timber design, stiffness, strength, and density are the cen-
tral properties. While strength dominates assessment efforts,
stiffness and density are often governing due to service-
ability limits and are more directly accessible to repeated
non-destructive measurement. For virgin sawn timber, these
properties are usually determined through strength grad-
ing, where non-destructively measured indicating proper-
ties (IPs), e.g. resonance frequency, density, slope of grain,
or knot characteristics, are related to grade-determining
properties (strength, stiffness, density) through calibration
(Ridley-Ellis et al. 2016). The outcome is assignment to a
strength class defined by characteristic strength and density
and mean stiffness (EN 338 2016).

Conventional grading relies on homogeneous, well-doc-
umented populations and extensive destructive calibration,
which is difficult to reconcile with heterogeneous reclaimed
stock and incomplete documentation (Novais Passarelli
et al. 2025; Niederwestberg et al. 2025). Existing standards
for reused timber, such as NS 3691 and UNI 11119, provide
guidance for inspection and visual classification but remain
limited in predictive scope and calibration for broader use
(UNI 11119 2004; Piazza and Riggio 2008; Piazza and Del
Senno 2021; Kauniste et al. 2024).

Consequently, recent work increasingly treats reclaimed
timber assessment as element-wise performance evalua-
tion rather than direct transfer of strength-class logic. Many
studies address highly heterogeneous material streams span-
ning multiple species, geometries, and provenance histories
(Ranttila et al. 2025; Godina et al. 2025). While this reflects
practical reuse scenarios, such heterogeneity can obscure
the relative performance of different assessment modalities

Fig. 1 Labelled reclaimed timber specimens

because variability arising from species, dimensions, and
prior grading is superimposed on usage-related effects.

A complementary approach is to examine reclaimed tim-
ber from a controlled material stream with known species,
cross-section, and initial grading, but exhibiting typical use-
related alterations such as fastener holes, local damage, and
storage effects. In this setting, differences between assess-
ment methods can be evaluated with reduced confound-
ing from growth-related or geometric variability, enabling
a clearer comparison of how different indicators derived
from various measurement modalities or models relate to
experimentally observed mechanical behaviour at mem-
ber and sub-member scale. Such controlled comparative
benchmarks remain scarce in the literature but are needed
to establish reference cases for subsequent studies on more
heterogeneous reclaimed material.

1.4 Objective

This study provides an experimental comparative assess-
ment of non-destructive indicators for piece-wise evaluation
of reclaimed Norway spruce timber from a single, controlled
material stream intended for reuse as glulam lamellas. The
examined elements share species, cross-section, and origi-
nal strength class but exhibit typical use-related features
such as fastener holes, edge damage, and storage-induced
variability.

Visual assessment, dynamic excitation, and CT-derived
modelling indicators are examined against global and zone-
wise bending tests. The focus lies on two questions: (i)
how CT-derived structural descriptors compare with estab-
lished non-destructive indicators in predicting stiffness and
strength-related behaviour, and (ii) how reliably these meth-
ods capture intra-member variability relevant to lamella-
level allocation.

By analysing a comparatively homogeneous reclaimed
sample, the study isolates usage- and defect-related variabil-
ity and establishes a reference workflow for multi-modal
assessment. The aim is to quantify the comparative utility
and limitations of the applied methods for piece-wise and
intra-piece evaluation and allocation of reclaimed timber.

2 Materials and methods

2.1 Specimens and experimental programme

The study material comprised 56 reclaimed Norway spruce
(Picea abies) construction timber elements (Fig. 1). The ele-
ments originated from a student-housing construction site in

Kringsja (Norway), where they had been used temporarily
and subsequently discarded. The material exhibited typical
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signs of prior handling and use, including fastener holes,
local crushing at ends, and irregular cavities from nail and
screw removal. After collection, the timber was stored under
sheltered outdoor conditions at Omtre (Honefoss, Norway)
for approximately two years prior to testing.

The specimens had nominal cross-sectional dimensions
of 49 x 98 mm? and lengths between 1904 mm and 2862
mm. All pieces were originally machine graded as C24
(EN 338 2016), as indicated by surface markings. The
dataset therefore represents a comparatively homogeneous
reclaimed stock with known species, geometry, and initial
grading, but with visible signs of prior use and handling.

Each specimen underwent X-ray computed tomography
(CT) scanning at Luled University of Technology (LTU,
Sweden), followed by dynamic excitation measurements,
visual grading, and flatwise bending tests at Tallinn Uni-
versity of Technology (Taltech, Estonia). This sequence
enabled direct comparison of indicators derived from imag-
ing, mechanical response, and visual inspection against
experimentally measured stiffness and, for a subset, bend-
ing strength. In addition, zone-wise bending tests were
conducted to characterise intra-specimen variability and to
provide local reference values for comparison with spatially
resolved indicators.

The specimens experienced three distinct moisture states
across the measurement sequence: (i) during CT scanning
after short-term winter storage in Skellefted (no direct MC
measurement), (ii) upon arrival to the laboratory in Tal-
linn after transport under uncertain weather exposure (MC
estimated for dynamic excitation by capacitive measure-
ments on longitudinal faces), and (iii) after several weeks
of acclimatisation in the Tallinn laboratory (MC measured
gravimetrically for a subset of 28 specimens using oven-
dry cut-offs after bending tests). Gravimetric MC was not
obtained for all specimens because the material was reserved
for subsequent glulam production. These differing moisture
states between measurement stages represent a systematic
source of offset between methods rather than intrinsic mate-
rial variability.

2.2 Evaluated quantities and indicators

The comparison focuses on indicators related to stiffness,
density, and bending strength, as these quantities govern
structural performance and are commonly used in both con-
ventional grading and reuse assessment. Rather than treat-
ing them as intrinsic material constants, they are considered
here as measurable or inferable quantities that depend
on local material state, moisture conditions, and defect
distribution.

All methods examined in this study provide either direct
measurements or derived indicators of these quantities at
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different spatial resolutions. Dynamic excitation and visual
grading yield specimen-level predictors; CT-based models
provide spatially resolved density- and stiffness-related indi-
cators; and flatwise bending tests provide experimental ref-
erence values at both global and intra-specimen zone level.
Strength values are available only for a subset of specimens
and are therefore treated as supplementary reference data.
For comparability across methods, quantities are expressed
at a reference moisture content of 12% where applicable.

2.3 CT scanning

X-ray CT was used as a high-resolution reference mea-
surement to obtain volumetric density and geometry fields
for each specimen. The CT data serve as a benchmark for
deriving spatially resolved indicators and for comparing
model-based predictions with established non-destructive
measurements.

Scanning was performed using a sawmill CT system
(Microtec Mito) adapted for research use. Prior to scanning,
the specimens were stored under sheltered outdoor condi-
tions for approximately two weeks, during which ambient
temperature and relative humidity were recorded. All ele-
ments were scanned in batches of four and positioned with
the wide face vertical to ensure consistent orientation rela-
tive to growth direction and geometry (Fig. 2a). Each speci-
men was labelled to maintain traceability between physical
samples and reconstructed volumes.

The scanner used a helical cone-beam acquisition at
180 kV tube voltage and 5.55 mA current. Tomographic
reconstruction used a proprietary implementation of the
Katsevich algorithm (Katsevich 2004) and produced voxel
volumes with 0.5 x 0.5 x 0.5 mm? resolution. The resulting
16-bit greyscale intensities Z(x, y, z) were converted using
machine-specific calibration to density fields pcr(x,y, 2)
in kg/m3, forming the basis for subsequent modelling and
indicator derivation.

2.4 CT-based models

The greyscale voxel field Z(x) reflects local density and
contains sufficient anatomical contrast for reconstructing
fibre orientation and assigning spatially varying ortho-
tropic stiffness. Building on previous frameworks (Huber
et al. 2022, 2023), this study derives geometric, anatomi-
cal, and mechanical fields directly from intensities and local
gradients in the CT data, without explicit segmentation of
knots or pith. All resulting fields are aggregated in a unified
data structure, called Body of Properties (BoP), and subse-
quently evaluated through two modelling approaches: a 3D
finite-element (FE) model and a meshless continuum model
(CM), see Fig. 3.



European Journal of Wood and Wood Products (2026) 84:81

Page50f23 81

Fig.2 CT scanning of reclaimed
timber: a positioning in the scan-
ner, and b a representative single-
slice CT image of a scanned batch
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Fig.3 Overview of the CT-based analysis pipeline, showing preprocessing, material field reconstruction, generation of the Body of Properties, and

subsequent model evaluations

Spatial position is denoted by the coordinate vector
x = (x,y, 2) ", where z is the longitudinal axis of the speci-
men, y the strong-axis direction, and z the weak-axis direc-
tion of the global specimen coordinate system (Fig. 4).

2.4.1 CT data preprocessing and segmentation

All CT data processing was performed using custom
Python scripts based on the pydip interface to DIPimage
(Luengo and Contributors 2025). For each slice, wood tis-
sue was segmented from air using the intra-mode minimum

of the greyscale histogram in the range 50?350 kg/m? (Pre-
witt and Mendelsohn 1966). A preliminary thresholding step
separated individual specimens within each batch through
connected-component analysis. For each isolated specimen,
remaining small cavities were removed with 3D hole filling,
followed by one dilation—erosion cycle to ensure a topologi-
cally consistent binary wood mask B(x).

Specimens were not perfectly aligned in the scanner.
The principal axes of B(x) were therefore obtained from
second-order central image moments (Hu 1962) and used
to rotate each volume such that its longitudinal axis aligned

@ Springer
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Fig. 4 Global specimen coordinate system used throughout the CT-
based modelling. The longitudinal axis defines x; the strong- and
weak-axis bending directions define y and z, respectively

Fig. 5 Density isosurfaces representing earlywood—latewood layering.
Local density gradient orientations align with the radial (r) direction,
while the longitudinal ( ) and tangential (¢) directions follow from the
principal continuity direction and its orthogonal complement

with the global z-direction. The aligned mask served as the
basis for geometry extraction, BoP generation, and sam-
pling in all subsequent analyses.

2.4.2 Fibre orientation reconstruction

In softwoods with visible growth rings, the alternating ear-
lywood—-latewood layers form density variations that appear
as quasi-isosurfaces in the CT volume. Their local normals
indicate the radial direction, corresponding to the direction
of steepest density change (Huber 2021; Hu et al. 2025).
This anatomical structure provides reliable input for gradi-
ent-based orientation analysis and motivates the use of the
3D Gradient Structure Tensor (GST) (Bigun et al. 2004,
Krause et al. 2010; Huber et al. 2023) to obtain a continuous
material coordinate system (Fig. 5).

LetZ, (x) denote the density field smoothed with a Gauss-
ian kernel of standard deviation o. The GST is defined as

J(x) = gu * (VI (x) VI, (x) ), (1)

@ Springer

where g,, is a Gaussian kernel with scale w providing spatial
regularisation, * denotes convolution and V is the gradient
operator.

J(x) is a positive semi-definite 3 x 3 symmetric matrix
that characterises the local distribution of gradient orienta-
tions in the image. Its eigendecomposition

Jvi=Xivi, A1 2> A2 2> A3, )
yields three orthonormal eigenvectors v;. In regions where
the eigenvalues are well separated, v; corresponds to the
direction of steepest density increase and was used as the
radial material direction. The direction of highest continu-
ity, vs, was used to approximate the longitudinal material
direction, i.e. the fibre orientation. The tangential direc-
tion followed from the cross product of these two vectors.
This produced a continuous orthotropic material coordinate
system J(x) at voxel resolution, including in knot-affected
regions, without requiring explicit knot segmentation.

2.4.3 Stiffness tensor assignment

A spatially varying orthotropic stiffness tensor Cx, aligned
with F(x), was assigned following £; from Huber et al.
(2022):

Cr(x) = (”C;—O(”) () Co 3)

where py and Cgy are the reference density and stiff-
ness tensor for Norway spruce at 12% MC (Dinwoodie
2000). To account for the different mechanical character
of knots, a penalisation factor >z = 0.5 was applied where
pct > 900kg/m3, and » = 1 otherwise (Lukacevic et al.
2019).

2.4.4 Body of properties

The fields pcr(x), B(x) F(x) and Cz(x) were integrated
into the BoP, a single volumetric data structure using Open-
VDB grids (Museth 2013; Svilans et al. 2022). This enabled
consistent data exchange with simulations, efficient sam-
pling along arbitrary beam sections, and a compact storage
format. All subsequent FE and CM computations queried
material values via the BoP.

2.4.5 3D finite element model

Geometry was extracted from B(x) using marching cubes
(Lorensen and Cline 1987), converted to a triangular surface
mesh and decimated using Open3D (Zhou et al. 2018) to
a 10 mm surface resolution. A quadratic tetrahedral mesh
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(largest size 7.5 mm) was generated in Gmsh (Geuzaine and
Remacle 2009). FE analyses (static bending and eigenfre-
quency) were conducted in CalculiX (Dhondt 2004). For
each element, the local C» and F were retrieved from the
BoP using a custom UMAT subroutine. Element density was
set to the specimen-level mean pcr.

For the bending analysis, nodes were embedded along
the specimen centreline at 10 mm spacing, to query deflec-
tions. A simply supported pure bending configuration was
imposed. End sections were kinematically coupled to end
nodes. One end node was fixed in translation, the other
allowed translation only along z. Rotations were locked
except about y and opposite moments M were applied at the
end nodes. The mid-span deflection wrg,miq and the deflec-
tion profile wrg(x) were extracted at the centreline.

The apparent global stiffness from midpoint bending was
computed as

ML?
o T .
8 Iz WFE,mid

“4)

Erg.w =

with second moment of area I, from nominal speci-
men dimensions. A local curvature-based stifftness profile
Erg,(z) was derived by assuming an inhomogeneous
Euler—Bernoulli beam under constant moment M :

EL(z) k(x) = M, ©)

where EI,(x) and x(x) are the locally varying bending
stiffness and curvature, respectively. Since x ~ d*w/dx?,

d*w(z)

dxz?

EI(x)
I,

ElL(z) =M ( )1 , Erpk(z) = (6)

where wpg(z) was used for deflections and the second
derivative was obtained via a Savitzky-Golay filter (Sav-
itzky and Golay 1964).

In the eigenfrequency analysis, the first 20 frequencies
were computed and the lowest longitudinal mode was used
for fo rE. A dynamic stiffness Erg ayn Was calculated as

Erg,ayn = (2L fo,FE)2 PCT- (7

2.4.6 Meshless continuum model

This model performs direct cross section-wise continuum
mechanical evaluations of the BoP on a regular grid, com-
bined with Euler—Bernoulli beam theory, to obtain stiffness
profiles along the specimen length (Huber 2021; Huber et al.
2022). A structured grid with 1 x 1mm? cross-sectional

resolution and 10 mm spacing along = was used which lin-
early interpolated the BoP fields at each grid point.
At each point, Cx was rotated to global coordinates:

CT(X) = T;—C]:T]:, (8)

where C;(x) is the rotated tensor and T £ the corresponding
6 x 6 transformation matrix (Ormarsson 1999; Huber et al.
2022). The compliance tensor S = Cy’ ! gave the uniaxial

and shear stiffness components:

1 1
Ea: =G Gw = <a 9
S, T 5, ©)

For each cross section, the neutral axis y,, the bending
stiffness E1,(x) around the neutral axis, the axial stiffness
E A(z) and the shear stiffness GA, (x) were computed inte-
grating over B(x) (Huber 2021):

Y = m, (10)
BL) = [[ Bty =) dy (an
EA(x):/ E, dydz, (12)
GA,(z) = / Gy dy dz, (13)

Corresponding sectional geometric quantities A(z), I, (z)
and mean density were evaluated analogously.

Section-equivalent ~ stiffness  profiles Ecwm, gr(x),
Ecm pa(z), and Gy.om,ca(z), based on bending, axial,
and shear stiffness, respectively, were then obtained:

Bewerle) = 550 Eoweae) = 555
Z (14)
GAy(x)

Gomea(z) = O

2.4.7 Model-based predictors

Predictors for regression models were derived from both
modelling approaches, at the global specimen level and
at zone level (aligned with the mechanical test zones, see
Sect. 2.7). The scalar quantities were used directly as global
predictors, while for spatially varying quantities, arithme-
tic means over the respective regions yielded global and

@ Springer
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zone-level predictors. A summary for the predictor variables
is provided in Table 1.

2.5 Visual assessment

Assessment based on grading rules was performed only on
the specimens selected for destructive bending tests and
was carried out at the specific longitudinal zone used in the
destructive testing (Sect. 2.7). This ensured that the visual
classification corresponded to the material volume govern-
ing the tested bending response. Since only one zone per
evaluated specimen was assessed, the resulting category
was also used as the specimen-level visual indicator.

All faces were inspected under uniform lighting. Knots,
slope of grain, cracks, wane, distortions, decay, and other
surface irregularities were recorded and measured manually
(ruler and caliper) and documented photographically. Fea-
ture measurement followed EN 1309-3 (EN 1309-3 2018),
while categorisation was performed by applying three
regional rule sets: SS 230120 (2010), NS 3691-3 (2025),
and UNI 11119 (2004). INSTA 142 is aligned with EN 1912
(2024) and EN 14081-1 (2019) and assigns grades TO-
T3 with indicative mapping to strength classes C14—C30
through EN 338 (2016). NS 3691-3 extends visual rules
to reclaimed timber by adding criteria for contamination,
end-grain integrity, and indicators consistent with ageing or
prior loading. UNI 11119, with lowest class III and highest
I, was included because it is widely used for historic timber
and is frequently cited in the reclaimed-timber literature; in
view of reported limitations in category assignment reliabil-
ity, it is treated here as a comparative reference rather than
a benchmark.

All assessments were performed by trained personnel.
Ambiguous cases were checked by a second individual, and
disagreements were resolved by consensus. For compari-
son with experimental bending strength, each rule set was
mapped to the corresponding characteristic bending strength

Table 1 Model-derived predictors from CT-based modelling

Source Global Zone

EFE,w EFE,w -

fo,FE fo,FE -

EFE,dyn EFE,dyn -

Erg, . (z) EFE,x EFE x,i
Ecm,ea(z) Ecum,EA EcMm,EA,:
Ecwm,e1(x) Ecwm,E1 Ecwm,E1,i
Gy,cm,ca(T) Gy.oMm,GA Gy,oM,GA,i
por(z) por pcT,i

Global values represent arithmetic means over the full specimen
length; zone values represent arithmetic means over the mechani-
cally tested zones
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stated in the respective document, yielding oy vis NS,
O f,vis,NS, and 0 ¢ vis UNT.

2.6 Dynamic excitation

Longitudinal dynamic excitation was applied to estimate the
stiffness and strength of each specimen using a hand-held
mobile timber grader (MTG 960, Brookhuis, the Nether-
lands). The method determines a dynamic modulus of elas-
ticity, 'pE,dayn, as an IP, which serves as input to regression
models predicting the grade-determining properties: static
modulus of elasticity Fpg and bending strength o ¢ pg, fol-
lowing EN 14081 (2018).

Each specimen was excited longitudinally by an inter-
nal impactor, and the vibration response was recorded by
an integrated accelerometer. From the frequency spectrum
(resolution 4 Hz), the fundamental frequency f was iden-
tified. For specimens with intact ends, four impacts (two
per end) were performed, and the average fy was used for
subsequent analysis. Density during the measurement (ppg)
was determined gravimetrically using nominal dimensions,
while MC was determined from repeated measurements at
both specimen ends (longitudinal faces) using a handheld
capacitive meter (FMW-T, Brookhuis, the Netherlands). The
correction of ppg to the 12% MC reference state (p12,pE)
followed EN 384 (2016):

MCpg — 12

aMC,DE
— g (14 2CDE)
100 , P12,DE = PDE ( + 9 (15)

aMC,DE =

where MC is in percent.
The dynamic predictor of the MTG is computed as:

Epg,dyn = (2L fo enra)’ P12,DE (16)

where L is the specimen length in mm, cyrg a dimen-
sionless correction factor, fo is in Hz, and p1o in kg/m?3.
The details of the internal computation, including cyra,
are proprietary to Brookhuis, though similar formulations
have been published (Ravenshorst and Van De Kuilen 2013;
Moltini et al. 2022).

The MTG software uses regression to infer Fpg and
o¢pE from Epggyn. For this study, strength categories
were defined with a bin width of one to allow continuous,
specimen-wise estimation, in contrast to the broader grading
classes defined in EN 338 (2016).

2.7 Zone-wise flat-wise bending test
Four-point bending tests were conducted in accordance

with EN 408 (2012) to obtain reference stiffness and, for a
subset, bending strength. Tests were performed in flatwise
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orientation (bending about the weak axis). This configu-
ration was selected for two reasons. First, the reclaimed
elements were intended for subsequent use as lamellas in
engineered wood products, where flatwise behaviour is
structurally relevant. Second, the flatwise configuration per-
mits shorter test spans relative to specimen length, enabling
multiple measurement zones along each element and
thereby supporting the study objective of comparing piece-
wise indicators and intra-specimen variability.

It is noted that structural timber in service is com-
monly loaded edgewise and that strength classes accord-
ing to EN 338 refer to edgewise bending tests. Differences
between flatwise and edgewise properties may arise due to
anisotropy, knot distribution through the cross section, and
shear effects. The present results should therefore be inter-
preted primarily in a comparative sense for indicator evalu-
ation and lamella-level assessment rather than as a direct
basis for conventional strength-class assignment.

All tests were carried out on a universal testing machine
(walter+bai LFM Series) with a 600 kN load cell. Each
specimen was tested non-destructively in two or three lon-
gitudinal zones, depending on length, located near the start
(x1), midspan (x2), and end (x3), see Fig. 6. Each zone was
loaded within the elastic range to determine a zone-wise
modulus of elasticity Erp ;. This repeated elastic loading
provides a mechanically based indicator analogous to proof-
loading approaches used in industrial grading contexts.

Following the non-destructive tests, 15 specimens were
selected and loaded to failure in one previously tested zone
(random selection) to obtain flatwise bending strength o ¢ 7
. The remaining specimens were preserved for subsequent
allocation to glulam production.

The support span L; and loading-point distance a were
both 270 mm, and the loading rate was 0.15 mm/s. Midspan
deflection was measured with an LVDT (5 pm resolution).
MC at testing, MCpp, was determined gravimetrically for
28 specimens (including all destructively tested specimens)
using cut-offs taken after testing to preserve material for
subsequent glulam manufacture.

A malfunction in the instrumentation intended to mea-
sure differential deflection within the pure bending region
prevented determination of local modulus of elasticity in
that region. Consequently, zone-wise moduli represent

-

LVDTgp ! |

I i [ ] [ ] 1
1 2 AR 42 3

405 405 1o 405, L 405 [

! 810 S

[ SRR :

Fig.6 Zone-wise four-point bending configuration

global bending stiffness over the test span and include shear
contributions.

Zone-wise (global) modulus of elasticity was calculated
from the linear portion of the load—deflection curve accord-
ing to EN 408:

3aL? — 4a?
EFB,i = aAZ a4 p for i= 1,2,3 (17)
3 w; a
2b;h; (2 AR T m)

where L; and a are in mm, b; and h; denote cross-sectional
dimensions in mm, AFj is the applied load increment in N,
and Aw; the corresponding midspan deflection increment
in mm. The shear modulus G = 650 MPa was assumed fol-
lowing EN 408. A shear-free modulus Erp g ; was addi-
tionally computed by setting G — oo to quantify sensitivity
to the shear assumption. For specimen-level comparisons,
zone-wise values were averaged.

For specimens tested to failure, bending strength o g
was calculated as:

3Ff7i L;
THFB = g 2 (18)

where Iy ; is the maximum load in N at failure. As only one
zone per specimen was tested to failure, strength values are
reported at specimen level.

Adjustments to reference MC and size followed EN 384
(2016):

0§ FB,adj =0f,rB(1+0.02ar0,FB), (19)
aye,r =(MCrp — 12)/100,

Erp,adj,i = 1.3 Epp,i(1 + amc,rB) — 2690 MPa. (20)

2.8 Comparisons

All measured quantities and derived variables used are
summarised in Table 2. Predictive performance was evalu-
ated using linear regression between each predictor and the
experimentally measured target variables. Model perfor-
mance is reported using the coefficient of determination
(R?), root-mean-square error (RMSE), mean absolute error
(MAE), and Pearson’s correlation coefficient (r). For visual
grading, which yields ordinal data, associations with exper-
imental properties were quantified using Spearman’s rank
correlation coefficient (7).

For bending strength, the number of destructively tested
specimens was limited and strength-related comparisons
are therefore treated as exploratory and evaluated sepa-
rately. A leave-one-out cross-validation (LOO) procedure
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Table 2 Overview of all measure-

ment modalities with measured Method

quantities and derived variables

Measured quantities

Derived variables

CT-based models

Dynamic excitation

Profiles dependent on the longi-

tudinal coordinate use (x), and Visual grading

corresponding zone-wise values UNI 11119

(used where applicable) carry

subscript i. Zone-wise stiffness . . )

variables of models were omitted ~ Bending tests dimensions bs, hi,

for readability. FB = flat-wise
bending; DE = dynamic excita-
tion; FE = finite element; CM =
meshless continuum model

pPCT (X),B(X),]‘—(X)

fo.p12,pE,MCDE

INSTA 142, NS 3691-3,

Load—deflection curves,
Fy ;(subset),
MCrg(subset)

pcr(x): sectional mean density,
ErvEg . mid-point based bending stiffness,
Erg, . (z): curvature-based stiffness profile,
EvE,dyn: dynamic stiffness from eigenfrequency,
Ecowm e1(),Ecm,ea(2).Gom,ga(z):

sectional stiffness profiles (bending, axial, shear)

FEpEg: static bending stiffness,
o pDE: bending strength

O f,vis,INS,0 f vis,NS,0 f vis,UNI:
visual equivalent strength estimates

Erp,q: global bending stiffness,

ErB,G,aqj: adjusted global bending stiffness (subset),
ErB,q., : shear-free global bending stiffness,

or rB: adjusted bending strength (subset),

was applied at specimen level: for each indicator, regression
models were fitted on n — 1 specimens and used to predict
the omitted specimen, yielding a set of out-of-sample pre-
diction errors. MAE and RMSE are computed from these
pooled LOO errors, while in-sample R? is reported for
descriptive reference only. The cross-validated coefficient
of determination R?,, is computed from the LOO predic-
tions relative to the mean-strength baseline; negative values
indicate no predictive power beyond the sample mean.

3 Results and discussion

Selected results are presented in the following subsections;
the complete dataset, including all raw and processed val-
ues, is published separately (Huber et al. 2025). Of the
56 specimens, three (IDs 25, 42, 44) were excluded from
comparisons across bending tests, dynamic excitation, and
CT-based models. All three exhibited substantially damaged
ends, resulting in inconsistent effective lengths between CT
scanning and mechanical testing. Because the final trim-
ming of the broken ends prior to bending tests could not be
reconstructed, these specimens lacked a reliable longitudi-
nal reference.

Two of the excluded specimens had been tested to fail-
ure, reducing the number of valid bending strength results
to 13 and the subset with measured MCgp to 26. No exclu-
sions were made for the visual grading analysis.

For three additional specimens (IDs 7, 27, 38), FE
mesh generation failed due to extensive cavities from nail

@ Springer

extraction, and FE-based indicating properties could not be
obtained for these cases.

3.1 Reference measurements and consistency

Selected distributions of moisture content, density, bending
stiffness, and bending strength are summarised in Fig. 7a—
d. These values serve as reference measurements against
which the different indicators are compared. Complete raw
and processed data are provided separately (Huber et al.
2025).

MC differed between measurement stages. Values
obtained shortly after arrival in Tallinn for the dynamic-exci-
tation tests, MCpg, showed a broad spread, likely reflect-
ing varying exposure during transport in rainy weather and
interim storage. Gravimetric values MCpp, obtained after
several weeks of laboratory conditioning for a subset of
specimens, were lower and less variable, consistent with
indoor conditions. No direct MC measurements were avail-
able during CT scanning; based on storage records, speci-
mens were expected to be comparatively dry at that stage.
Consequently, differences in MC between measurement
stages contribute to systematic offsets among density- and
stiffness-related quantities derived from different methods.

Density estimates derived after the bending test and from
the dynamic-excitation data show similar central tenden-
cies (Fig. 7b). The lower mean of pc is consistent with the
lower expected MC during CT acquisition. As MC correc-
tion affected density distributions only marginally and was
unavailable for all specimens, unadjusted prp was retained
for better comparative analyses.
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Fig. 7 Distributions of key properties across measurement and evaluation modalities: a moisture content, b density, ¢ bending stiffness, and d

bending strength

Fig.8 Failure initiation in the proximity of a knot at the bottom surface
during flat-wise bending

Stiffness values from flatwise tests, dynamic excitation,
and CT-derived indicators exhibit comparable spreads but
differ in central tendency (Fig. 7c¢). Dynamic-excitation
stiffness tends to exceed bending-test values, consistent
with the known influence of dynamic loading and density
assumptions. CT-derived stiffness indicators show similar
variability but a lower mean, reflecting both MC differences

during scanning and modelling assumptions. These system-
atic shifts are therefore interpreted as methodological off-
sets rather than material differences.

Bending strength values, available for 13 specimens,
show substantially greater scatter across estimation meth-
ods (Fig. 7d). Visual grading yields narrow, conservative
ranges, while dynamic-excitation based estimates span a
wider interval centred near the nominal C24 level. Owing to
the limited number of destructive tests, strength values are
used primarily as contextual reference and for exploratory
comparison of indicators.

Failure in destructive tests occurred predominantly near
knots and regions of pronounced fibre deviation (Fig. 8).
Corresponding FE stress analyses showed elevated trans-
verse stress magnitudes in these regions (Fig. 9), indicat-
ing consistency between observed failure locations and
modelled stress concentrations. This agreement supports
the use of CT-derived structural information for identify-
ing mechanically relevant features, even where absolute
strength prediction remains uncertain.
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Fig.9 FE model of Specimen 1 in bent configuration: density (left), transverse stress y/o2 + o2 (middle), and overlay plot of longitudinal mate-
rial orientation on top surface and radial orientation in cross section (right). Colour scale from blue (low) to red (high)

3.2 Comparative performance of indicators
3.2.1 Visual assessment

Figure 10 relates visual grading outcomes to experimen-
tally determined properties. Most specimens fell into a
single grade (NS 3691) or the highest two categories of the
other applied standards, resulting in limited discriminatory
resolution. This reflects the comparatively homogeneous
origin and initial grading of the material as well as the
known tendency of visual grading to prioritise conservative
classification.

Across the evaluated properties, visual grades show only
weak and inconsistent trends. Slight monotonic increases
with grade are observable for bending stiffness and strength,
but with substantial overlap between categories. Corre-
sponding Spearman rank correlations (Fig. 11) remain low,
confirming the limited predictive power of visual grading
for this reclaimed stock.

This outcome is consistent with previous studies on
reused structural timber, which report that visual criteria
alone rarely capture the mechanical variability introduced
by prior use, local damage, or internal features (Ranttila
et al. 2025; Godina et al. 2025). In the present dataset,
where most elements already satisfied relatively high visual
quality thresholds, visual grading primarily serves as a
coarse screening tool rather than a quantitative predictor of
mechanical performance.

3.2.2 Zone-wise stiffness profiles

Zone-wise bending tests provided spatially resolved refer-
ence stiffness values against which CT-derived indicators
could be compared. Representative profiles for selected
specimens are shown in Figs. 12, 13, 14, 15, 16. Complete
results for all specimens are included in the published data-
set (Huber et al. 2025).

@ Springer

Both CM- and FE-based stiffness profiles reproduce the
principal spatial trends observed in the experimental mea-
surements. Local reductions in experimental stiffness coin-
cide with knots and regions of fibre deviation visible in the
density projections, indicating that the orientation and den-
sity information extracted from CT data captures mechani-
cally relevant structural features. Knots emerging on the
flat face produced more pronounced reductions in flatwise
bending stiffness than knots located on side faces, consistent
with the applied bending orientation.

Differences between modelling approaches are primar-
ily related to smoothing and scaling. CM-based profiles
respond more locally to density and orientation gradients,
while FE-based profiles are smoother due to filtering and
meshing steps. Localised high-density inclusions, for exam-
ple remnants of fasteners, can generate gradient fields that
are interpreted as fibre disturbances, producing local stiff-
ness reductions. Such effects remain spatially confined in
CM-based profiles but extend over larger regions in the FE-
based representations.

Despite these differences in magnitude, the spatial cor-
respondence between measured and model-derived stiffness
variations remains robust across specimens with distinct
defect patterns and density features. The results demon-
strate that CT-derived structural indicators can reproduce
relative intra-specimen stiffness variations even when abso-
lute stiffness levels differ due to moisture-state or modelling
assumptions (Fig. 17).

3.2.3 Specimen- and zone-level comparisons

Regression heatmaps (Figs. 18, 19, 20, 21, 22, 23) sum-
marise the relationships between predictors and experimen-
tally determined stiffness at both zone and specimen level.
Bending strength is excluded from these general heatmaps
due to the limited number of destructive tests and is instead
evaluated separately using LOO cross-validation (Fig. 24).
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Fig. 10 Distributions of experimentally measured mechanical properties across visual grading categories from the applied standards
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Fig. 11 Spearman rank correlation coefficients (rs) between visual
grading categories and experimentally measured values. Higher abso-
lute values indicate stronger monotonic association

At zone level, R? values remain modest and errors com-
paratively high for all predictors. This reflects both the
limited locality of the bending test reference values, since
global-spans measurements with shear influence had to be
used, and the model inaccuracies, such as unknown mois-
ture state or sensitivity to spurious density gradients. Nev-
ertheless, CT-derived CM and FE indicators consistently

outperform density alone, indicating that structural informa-
tion contained in density gradients and inferred fibre orien-
tation enhances predictive capability beyond bulk density.

At specimen level, predictive performance improved.
Dynamic excitation provided the strongest single predic-
tor of global bending stiffness. Its performance here is only
slightly lower to that reported for new timber (Hanhijarvi
and Ranta-Maunus 2008), which could be due to the rela-
tively short length of some of the specimens (Ranttila et al.
2025) and the flatwise orientation.

Among CT-derived indicators, the CM-based stiffness
measures Fonv, g4 and Ecowm, gpr show the best predictive
capability for experimental stiffness, again outperforming
pct alone. This confirms that incorporating orientation-
related information from volumetric density fields provides
additional explanatory power. FE-based indicators show
weaker correlations overall, except for the frequency-
derived EFg.ayn, Which retains partial predictive value
despite systematic underestimation of stiffness noted earlier.

Strength-related comparisons (Fig. 24) remain explor-
atory due to the limited number of destructive tests, but the
LOO results are informative for relative ranking of indica-
tors. For the strongest predictors (dynamic-excitation stiff-
ness and the CM-based stiffness indicators), in-sample R?
and cross-validated R?, differ considerably less than
for other indicators, suggesting that their association with
strength is not driven by single influential specimens. In
contrast, several weaker indicators show large deviations
and even negative R}, indicating no predictive power

8
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77 ——- mean Egg, « in zone i
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6 - —-— EFEg, dyn

0 250 500 750

1000 1250 1500 1750 2000

Beam length (mm)

Fig. 12 Specimen 1: experimental zone-wise stiffness Erg,,; compared with the FE stiffness profile Erg, . (), its zone averages, and global FE
estimates F'rg, ., and Frg, ayn. Density projection averages along the strong and weak axes are shown below
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Fig. 13 Specimen 1: experimental zone-wise stiffness Frp,¢,; compared with meshless model profiles Ecwm, g1, () and Ecwm, g4 (2), including
zone averages. Density projection averages along the strong and weak axes are shown below
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Fig. 14 Specimen 6: experimental zone-wise stiffness Frp,¢,; compared with the FE stiffness profile Erg, . (), its zone averages, and global FE
estimates Erg ., and Frg, dyn. Density projection averages along the strong and weak axes are shown below

beyond the mean-strength baseline under the present
conditions.

For context, the predictive performance observed here lies
within the range reported for reclaimed softwood in recent
studies. For recovered Norway spruce, longitudinal vibra-
tion indicators have been reported to predict global bending
stiffness and strength with coefficients of determination on
the order of R? ~ 0.7-0.8 (Llana et al. 2023). Comparable

reclaimed-timber datasets also show that vibration-based
predictors generally outperform density-only or visual indi-
cators for global stiffness estimation, while strength predic-
tion remains substantially more uncertain (Niederwestberg
et al. 2025; Ranttila et al. 2025).

The R? values obtained in the present study for dynamic
excitation and for the strongest CT-derived stiffness
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Fig. 15 Specimen 6: experimental zone-wise stiffness Frg,¢,; compared with meshless model profiles Ecw, g1, () and Ecwm, g4 (2), including
zone averages. Density projection averages along the strong and weak axes are shown below
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Fig. 16 Specimen 49: experimental zone-wise stiffness Erg,¢,; compared with the FE stiffness profile Erg, . (), its zone averages, and global
FE estimates Frg,, and Erg,qyn. Density projection averages along the strong and weak axes are shown below

indicators therefore fall within the range expected for
reclaimed structural softwood. Differences in absolute
performance between studies can be attributed primarily
to specimen geometry, test orientation, and moisture-state
uncertainty, all of which are known to influence regression-
based comparisons between non-destructive indicators and
bending-test reference values.

@ Springer

The comparative results indicate that global stiffness can
be captured reliably by established non-destructive meth-
ods such as dynamic excitation, while CT-derived indica-
tors provide additional spatially resolved information on
intra-specimen variability. Their principal contribution in
the present context lies in resolving structural heterogeneity
and enabling comparison of local stiffness patterns rather
than in improving global strength prediction.
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Fig. 17 Specimen 49: experimental zone-wise stiffness Erg,,; compared with meshless model profiles Ecm, 1. (z) and Ecm, g a (), including
zone averages. Density projection averages along the strong and weak axes are shown below
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Fig. 18 Zone-level coefficients of determination (R?) for linear regres-
sions between predictors (columns) and target variables (rows). Higher
values indicate stronger explanatory power
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Fig. 19 Zone-level root-mean-square errors (RMSE) from linear
regressions between predictors (columns) and target variables (rows).
Lower values indicate higher predictive accuracy
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Fig. 20 Zone-level Pearson correlation coefficients (1) between pre-
dictors (columns) and target variables (rows). Higher absolute values
indicate stronger linear association

To contextualise these trends, pairgrid visualisations
are provided in the Supplementary Information (Online
Resource 1), summarising all pairwise relationships among
experimental variables and model-based indicators. They
serve as a compact qualitative complement to the heatmap
comparisons.

3.3 Methodological limitations

The present study evaluates a defined set of reclaimed ele-
ments of single species, cross-section, and initial grading.
This controlled material stream enables consistent com-
parison of indicators but limits generalisation to more het-
erogeneous reclaimed timber populations. In particular, the
restricted number of destructive tests precludes statistically
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Fig. 21 Specimen-level coefficients of determination (R?) from linear regressions between predictors (columns) and target variables (rows).
Higher values indicate stronger explanatory power
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Fig.22 Specimen-level root-mean-square errors (RMSE) from linear regressions between predictors (columns) and target variables (rows). Lower
values indicate higher predictive accuracy
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robust conclusions on bending strength and confines
strength-related results to exploratory comparison.

Flatwise bending was selected to enable repeated zone-
wise measurements and to align with the intended use of the
material as lamellas in engineered products. However, most
structural applications and strength-class definitions refer to
edgewise behaviour. Differences between flatwise and edge-
wise stiffness and strength, arising from anisotropy, defect
distribution through thickness, and shear effects, introduce
additional uncertainty when relating the present results to

conventional grading frameworks. The reported stiffness
values should therefore be interpreted primarily as compar-
ative indicators within the tested configuration rather than
as direct predictors of standard edgewise performance.
CT-derived indicators depend on calibration stability,
segmentation thresholds, and gradient-based inference of
fibre orientation. Cavities, metallic inclusions, and local
density anomalies may distort these gradients and propagate
into CM- and FE-based stiffness estimates. The FE discreti-
sation was based on a sequence of processing and meshing
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steps that may accumulate geometric deviations, including
the smoothing of sharp edges and approximation of local
surface irregularities. Mesh generation failed for specimens
with severe internal cavities, introducing a bias toward less-
degraded material. The curvature-based FE stiffness Erg
relied on numerical differentiation of displacement fields
and appears in the denominator of the flexural formulation,
making it intrinsically sensitive to noise.

Aggregation of high-resolution CT-derived profiles to
zone or specimen level was performed using simple aver-
aging to maintain consistency across methods. Alternative
aggregation strategies or multi-modal predictors incorporat-
ing explicit defect descriptors may further improve predic-
tive performance but were beyond the scope of the present
comparative assessment. Together, these factors define the
methodological boundaries within which the reported com-
parisons should be interpreted.

4 Conclusion

This study presents a comparative assessment of visual,
dynamic, mechanical, and CT-derived indicators for piece-
wise evaluation of reclaimed Norway spruce timber from a
controlled material stream. The objective was to examine
how different indicators relate to experimentally measured
stiffness and strength at both specimen and intra-specimen
scale.

Dynamic excitation provided the most reliable single
predictor of global bending stiffness. Visual grading showed
limited discriminatory capability for this comparatively
homogeneous stock. CT-derived indicators, particularly
those incorporating orientation information from volu-
metric density fields, exceeded the predictive capability of
density alone and reproduced the principal spatial stiffness
variations observed in zone-wise bending tests. Their main
contribution in the present context lies in resolving intra-
specimen heterogeneity and providing structurally interpre-
table indicators.

Strength-related results are based on a small destructive
subset and are therefore interpreted as indicative compari-
sons rather than statistically robust estimates. Leave-one-
out evaluation indicates that the strongest stiffness-based
indicators (dynamic excitation and CM-derived stiff-
ness measures) retain comparable out-of-sample perfor-
mance, whereas several weaker indicators collapse under
cross-validation.

The results highlight that global stiffness can be assessed
by the used non-destructive methods, while CT-based
approaches provide complementary spatial information
that may support allocation and optimisation in engineered
wood products.

@ Springer

The study was restricted to a single species, cross-sec-
tion, and initial strength class, and to flatwise bending rel-
evant to reuse as a glulam lamella. Within these bounds, the
results demonstrate the value of combining conventional
and volumetric indicators to characterise reclaimed ele-
ments at specimen and sub-specimen scale.

Further work should evaluate the proposed compara-
tive pipeline on more heterogeneous reclaimed timber
populations and incorporate additional structural descrip-
tors derived from CT data, such as knots, cavities, and fas-
tener remnants. Expanded datasets with spatially resolved
mechanical reference measurements will be required to
assess robustness and to quantify uncertainty across mate-
rial streams and reuse scenarios.
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