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Abstract

preperties:Glulam timber is gaining popularity as a structural element due to its cost-effectiveness, strength, and environmental
benefits. However, being an organic material, it is susceptible to degradationunlike-ethersaaterials. Therefore, nondestructive testing
(NDT) methods are essential for assessing its structural health. In this study, two NDT approaches, ultrasound-based and modal
updating, were used to predict the static bending modulus of elasticity (MOE) in Pinus Sylvestris and Spruce species. The results
demonstrated that the modal updating and linear regression models outperformed the ultrasound technique in accurately determining
the static MOE. Additionally, considering the influence of knots improved the accuracy of ultrasound predictions. Hewever-its
comiepamreeas e e mmdnranprn e e Hharde s s e the et hi e se e aa e e et e teh pearsend
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1. Introduction

It is evident that ecological and sustainable construction has become a growing trend in recent decades, and the
use of environmentally responsible materials is a fundamental part of this process. Since wood is a sustainable
resource that nature provides, the use of timber structures in construction is one of most effective ways to
achieve environmental goals (Foster and Reynolds 2018; Cuadrado et al. 2015). Glued laminated timber, also
known as Glulam, is a structural product that offers the ecological benefits of wood while enhancing the
mechanical properties of sawn timber structures. This makes Glulam an ideal and reliable material for
construction. Glulam beams are formed by lamellas, which are pieces of sawn timber glued together by an
adhesive between surfaces. This configuration provides high strength, enabling large spans, with different
shapes, to build beautiful structures with the natural finish of wood. Despite its numerous technical and
environmental advantages, the organic origin of this material introduces multiple factors that may cause its
deterioration and reduce its durability (Lopez et al. 2014). Regardless of the preventive treatments received,
timber is exposed to numerous degradation processes that are not present in other construction materials
(Momohara, Sakai, and Kubo 2021). The deterioration of the material can be caused by abiotic (e.g. water,
solar radiation, etc.), biotic (e.g. xylophagous fungi, insects, etc.), and mechanical factors (e.g. deformations,
breaks, mechanical overstress, etc.). The presence of damage and defects reduces the strength and stiffness of

glulam structures and, for this reason, the use of nondestructive tests (NDT) is necessary for in-situ inspection.
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The modulus of elasticity (MOE) of glulam elements has a direct relationship with the strength properties and
its determination is an accurate source of information about the reliability of these structures (Cavalli et al.
2016; Z. Zhang, Li, and Yang 2021). However, wood is a heterogeneous, hygroscopic, and anisotropic
material and its mechanical properties depend on many factors. This means that NDT techniques used in other
materials must be adapted to the special characteristics of this material. Several methods have been proposed
for assessing the health status of timber structures, including visual grading (Arriaga et al. 2022) and methods
based on technologies such as ultrasound (Neuenschwander et al. 2013), dynamic response (Geng et al. 2021;
C. W. Zhang 2023), penetration resistance (Palma and Steiger 2020), etc. Technological methods provide
physical variables that can be related to MOE, both static and dynamic (Z. Zhang et al. 2022). Visual grading
is perhaps the least technological method, but it is the most widely used. This is because methods based on the
measurement of the physical properties are not considered accurate enough to provide reliable results (Sousa
et al. 2013). In fact, due to the uncertainties present in the material, it is often difficult to relate the data
obtained from the measurements to the strength and stiffness properties of glulam components. This lack of
confidence is due to the presence of natural defects, such as knots, cracks or voids, making timber elements a
non-homogeneous material with a random variation in mechanical properties throughout the structural
components. As a consequence, it becomes necessary to combine different NDT methods, including visual
grading and other techniques based on the physical measurement of variables. This requires looking at the
experimental results as a whole to obtain a full picture of the situation, making subjective decisions about the

reliability of the structures in which the engineering judgment and expertise play an important role.

Ultrasound testing is a nondestructive technology used for the assessing structural components (Chen and Li
2022; Liu et al. 2023). The propagation of waves through material is generated by a piezoelectric sensor and
involves the analysis of the signals transmitted to the receiver. The transducers are located in different parts of
the structural elements and the changes in the transmitted waves are related to the presence of damage or
deterioration. The application of ultrasound techniques to timber has been applied since the 1980s (Wilcox
1988). However, ultrasound wave propagation in timber is difficult to predict due to the anisotropic feature of
this material. For instance, wave propagation differs between the longitudinal and transversal directions. The
common way to assess stiffness in timber is the determination of the wave velocity in the longitudinal direction
(Kovryga, Khaloian Sarnaghi, and van de Kuilen 2020). Transverse ultrasound waves are used to detect small
defects such as cracks, splits, etc (Kabir, Schmoldt, and Schafer 2002). However, the presence of defects is
not the only factor modifying ultrasound wave propagation in wood’s structure, but so do moisture content and
different types of natural discontinuities (e.g. knots, bark pockets, wanes, grain deviation, etc.) (Tiitta et al.
2017). Due to these uncertainties, the relation between the dynamic and static MOE is not fully understood in
the literature (Fathi, Kazemirad, and Nasir 2021). As a consequence, NDTs based on ultrasound measurement
fails to obtain an accurate estimation of the static MOE from the dynamic one. In the literature, several
authors suggested the use of correction factors to estimate the MOE from ultrasound measurements (Ettelaei
et al. 2019). However, it is evident that developing a NDT technique for MOE estimation in glulam is a

challenge that remains unresolved.

On the other hand, vibration-based nondestructive methods have been applied to determine the dynamic MOE
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in several studies, including timber and other types of structures (Altunisik, Okur, and Kahya 2017). These
methods are based on the loss of stiffness caused by damage to the material. Damage affects the dynamic
parameters (damping, mass, and stiffness) and consequently alters the modal characteristics such as natural
frequencies and mode shapes (Z. Q. Lu et al. 2020). By comparing the modal characteristics of the healthy
system with the actual structural model, these changes can be utilized for structural diagnosis (Z.-Q. Lu et al.
2022; Barroso and Rodriguez 2004). In the last decades, several methods have been proposed based on this
concept. For instance, methods based on modal frequency-strain energy relationship (Hu et al. 2006),
measurement of the Frequency Response Function (FRF) and wavelets (Qu, Li, and Chen 2019),
autoregressive approaches (Doebling, Farrar, and Prime 1998), and based on derivatives (Whalen 2008). The
most commonly used damage identification and location methods are those based on the changes in natural
frequencies (Sun et al. 2022). This is because natural frequencies are sensitive to variations in stiffness caused
by damage or deterioration and are easily measured and identified in modal analysis. However, when
uncertainties exist in multiple variables, relying on natural frequency variations alone may not be sufficient for
accurate identification. In fact, more complex problems require the incorporation of mode shapes in the
diagnostic analysis. The determination of the changes of natural frequencies and mode shapes is carried out by
finite element modal updating. This technique enables the comparison of the dynamic behavior of the structural
component and the simulated response obtained from a finite element model (FEM) (Altunisik et al. 2019).
The analysis of the discrepancies between measurements and simulated response enables the identification of
the variations in stiffness and damage. To this end, a goal function and a minimization process need to be
formulated to reduce the differences in modal characteristics between the finite element model and the
experimental data. The complexity of minimization depends on the number of variables involved in the
problem. Local search optimization could be sufficient for easy problems. However, when dealing with a high
number of variables, evolutionary computation (EC) approaches become necessary. Genetic Algorithms (GA)
(Tang, Ye, and Huang 2023), Differential Evolution (DF) (Perera, Marin, and Ruiz 2013), and Particle
Swarm Optimization (P SO) (Alkayem, Cao, and Ragulskis 2019) are remarkable EC approaches applied to
finite element model updating,

In this study, the static bending MOE is regarded as the key parameter for evaluating the health status of the
structural systems. Therefore, the main goal of this work was to obtain prediction models of the static bending
MOE obtained from two NDT techniques for glulam components. The NDT techniques were modal analysis
and ultrasound measurement. Although the application of these NDT techniques in sawn timber is extensively
documented in the literature, there is a lack of knowledge in predicting the static MOE in glued laminated
timber (Sanabria et al. 2015). To this end, 49 samples have been tested and analyzed following three steps.
Firstly, the standardized four-point bending test was used to obtain the actual static MOE of each sample.
Secondly, ultrasound and modal-updating NDT techniques were used to obtain the dynamic MOEs. To take
into account the non-homogeneity features of glulam, the paper proposes the use of a particle swarm
optimization (P SO) approach based on substructured models for finite element modal updating. Finally, the
correlation between static and dynamic MOEs is presented in the paper. Different types of models, namely

simple linear regression (SLR) and bivariate linear regression (BLR), were generated to assess the influence of
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the density and concentration of knots. The adequacy of the models and their accuracy were compared and

evaluated using the ANO VA test and covariance analysis.

2. Materials and methods

2.1. Sample description

In this section, the samples used in the experimental trials are described. A total of 49 samples of Pinus
Sylvestris and Spruce species from northern Europe were tested in three different configurations, which were:

single beams (see Fig. 1a), duo-laminated beams (see Fig. 1b), and glulam beams (Fig. 1c¢).

Figure 1. Samples used in the tests: (a) Simple, (b) duo-laminated, and (c) glilam beams. ©

h
h,
h, h,
h; h,
H H
a) b) c)

Single beams are sawn timber or lamellas used to produce glulam beams. They were first tested in order to
obtain the mechanical characteristics of the individual elements, which will be forming part of the Glulam
beams. Duo-laminated beams consist of two lamellas joined together by a layer of MUF adhesive (Melamine
Urea Formaldehyde). These samples provide the mechanical characteristics of the simplest glulam element and
are used to evaluate the influence of the combined configuration. Finally, four-lamellas glulam beams were
tested to obtain information about the behavior of a real beam configuration and compare the results with the
other two setups. The grading class were C18, C24 and C30 for single and duo-laminated samples, and GL24
and GL28 for glulam beams (European Standard EN 140814408+ 2020). They were stored in the laboratory
under stable conditions of temperature and humidity. The weight of each sample was measured and used to
obtain its global density. The dimensions of the different types of sample beams are quite similar, showing only
small deviations. The geometrical dimensions and density values are shown in Table 1 according to the
nomenclature used in Fig. 1. The parameters presenting geometrical and density variations between samples

are shown in Table 1 by using the mean value and standard deviation (SD).

IST: 2023-07-08: 1:28:29 PM | This track pdf was produced from the KGL online proofing tool and is intended to be used as a reference. | Page 6 of 53



Title: Estimation of the static bending modulus of elasticity ...

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version. This

html display is to enable content corrections to the table. To preview the printed/pdf presentation of the

table, please view the ‘PDF’ tab.

Table 1. Main features of the samples tested. ©

Beamtype

Single Pinus S.

Spruce

Laminated duo | Pinus S.

Spruce
Glulam Pinus S.

Spruce
2.2 Visual grading

14

14

12

1

Specie Samples Lamellas Density (kg/n?)

506.6
(58.44)

459.3
(49.73)

484.1
(24.40)

470.4
(25.36)

552.93
459.46

L

157
(0.021)

157
(0.025)

1.65
(0.021)

1.74
(0.025)

1.65
1.65

Dimensions (m). Mean (SD)

w

0.16
(0.013)

0.16
(0.012)

0.16
(0.013)

0.13
(0.012)

0.08
0.08

H

0.05
(0.004)

0.05
(0.005)

0.07
(0.004)

0.07
(0.005)

0.15
0.15

h1

0.04

0.04

0.04
0.04

h2 h3 h4

0.03 - -

0.03 - -

0.04 0.04 0.03
0.04 1 0.04 | 0.03

Following the European Standard EN 1309-3 (2018+) all the samples were examined in search of defects,

singularities, and possible biological degradation. The result of the examination confirmed that there are no

major defects that would lead to a significant deviation from the expected behavior. The six sides of each

sample were photographed and recorded in a database. The presence of knots and clustered knots was

evaluated by their size in the six faces of each sample. It was evaluated using the Concentrated Knot Diameter

Ratio (CKDR) (Divés and Tanaka 2005),
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> d;

CKDR= —=—__
2(W + H)

(1)

This equation measures the proportion of the cross-section occupied by the knots by calculating the sum of the
knot diameters (%) divided by the sum of the width (W) and depth (H) of the sample. The CKDR factor is
evaluated every 15 cm along the main axis of the sample. The maximum value of CKDR provides the quality
of the sample. Other features such as the existence of resin pockets, the slope of grain, wanes, and cracks were

evaluated and registered according to the aforementioned standard.

2.3. Obtaining the bending modulus of elasticity

The bending Modulus of Elasticity is a mechanical property that characterizes the stiffness of the material.
Therefore, a reduction in the MOE usually indicates the presence of defects or the deterioration of the
mechanical properties of the material. Thus, the knowledge of MOE is an essential factor in determining the
health status of glulam structures. However, the accurate in-situ measurement of MOE is not an easy issue
when NDT techniques are required. In this work, the MOE is determined by three methods, which are: (1)

static bending tests (ESTL, [The parenthesis ")" and the comma "," are not part of the equation. | (2) direct ultrasound (EUS'),

and (3) modal updating (£2¢).

The £sr is obtained in the laboratory and it is considered the most accurate method out of the three. However,
it is impracticable in-situ and, for this reason, it cannot be used as a NDT technique in determining the health
status of the structure. In this work, it was considered as a reference value for the MOE, which provides
knowledge of the actual state of each sample. Static Modulus of Elasticity (#8T) was obtained by performing a
bending test in each sample in accordance with the European Standard EN 408468 (2011). Thus, four-point
bending tests were performed in the main strength direction, see Fig. 2, progressively loading the specimen and
using a linear variable differential transformer (LVDT) for measuring deflections at the midspan. The static

modulus of elasticity can be obtained according to the aforementioned standard as follows,
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3al? - &?

Ber = oW H* (2%)

Figure 2. Four-point bending test carried out in laboratory for the determination of. Fsr ©

Where @ is the distance from the load to the nearest support in the bending test, Ad is the increment in the

deflection at the midspan for the increment of the load AF, according to the standard procedure.
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Alternatively, direct ultrasound measurements were used to obtain the dynamic Modulus of Elasticity (Euvs).
The ultrasound measurements were carried out using a Sylvatest Trio device, which comprises two ultrasonic
piezoelectric transducers (i.e., one emitter and one receiver) working together at a frequency of 22 kHz. The
transducers have a conical shape with a cylindrical pin at the end. In order to perform the measurements, the
pin is inserted into a small drilled hole made at both ends of each sample. The time of flight (ToF') of ultrasonic
waves is measured from emitter to receiver to obtain the velocity of propagation Yus of the waves through the
timber specimen. The dynamic Modulus of Elasticity is determined using the one-dimensional wave as outlined
in Bucur (2006),

L 2
Eys = pVys® = P(ﬁ)

where L is the specimen length and p is the density of the material.

Figure 3(a) shows the transducer coupled to the specimen ready for measurement. In all samples, two
measurements of the ToF were performed in each lamella. The two points at each end indicating the
measurement location in single specimens are shown in Fig. 3(b). For duo-laminated samples, four
measurements were carried out (Fig. 3¢), and eight values were obtained for glulam samples (Fig. 3d). This
procedure provided the modulus of elasticity in each lamella from the mean value of the two ToF

measurements.

Figure 3. Performance of ultrasound measurements. P ositions of the holes to connect the ultrasound

transducers at the lamellas ends: (a) cone-shaped transducer coupled ready for the measurement, (b) simple

beams, (c) laminated-duo beams, and (d) glulam samples. @
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A model updating procedure based on experimental modal analysis (EMA) and an optimization algorithm for
the determination of the dynamic modulus of elasticity (£4) were developed in this work. The methodology is
based on the determination of the specific natural frequencies and mode shapes that each specimen possesses
depending on its elastic modulus, density, and geometry. In this process, an input vibration is generated to
determine the M by exciting the specimen with a bending impulse. A cantilever beam setup was selected as a
representative glulam structure. This is because the boundary conditions are easily controlled fulfilling
requirements of repeatability and reproducibility. An adjustable metal support was constructed to clamp the
specimens on a rigid wall. Figure 4 shows the setup for measuring the natural frequencies and mode shapes in
the three types of specimens. The transducers used are four capacitive accelerometers (Kistler 8316 A) with a
frequency range from 0 Hz to 1 kHz and dynamic amplitude from 0 g to 10 g. The accelerometers were
evenly distributed along the main axes of the specimen. Double-sided adhesive tape was used for mounting the
accelerometers. A piezolectric impulse force hammer was used for the excitation of the systems (Kistler 9724
A) with a force range from 0 N to 2000 N. The signals from the accelerometers and the hammer were
acquired through a measuring amplifier (HBM, QuantumX MX1601B) with a maximum sample rate of 20
kHz per channel. Modes and resonant frequencies were obtained using commercial software for experimental
modal analysis (ARTeMIS Modal v7.2). The roving hammer test was performed by impacting on four
locations close to the accelerometers’ positions. The signals coming from accelerometers and the hammer were
analyzed to isolate the modes and resonant frequencies using the Rational Fraction Polynomial with complex Z
mapping (RFP-z) and the Complex Mode Indication Function (CMIF) (Sun et al. 2022). The sampling
frequency was set to 1200 Hz using an antialiasing filter. Figure 5 shows the setup used in one test carried out

in this work for the modal analysis of a duo-laminated sample.
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Figure 4. Cantilever setup used to obtain the # by using modal updating technique in (a) single, (b) duo-
laminated, and (c) glilam specimens. ©
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Figure 5. Cantilever duo-laminated sample ready for modal analysis. ©

The determination of the moisture content (MC) in the samples was performed using the electrical resistance
method (European Standard EN 13183-22 2002). A measuring meter for structural wood moisture (GANN
Hydromette RTU 600) was used during the experiments. The moisture content was measured in each lamella
just before the samples were tested. In all cases, density and elasticity modulus were normalized to 12%
humidity according to the European Standard EN 384:2016 (202049).

2.4. Determination of the MOE using modal updating in homogeneous finite element
models based on local search optimization

For modeling all the specimens tested, 3D homogeneous finite element models formed by quadratic tetrahedral

elements were created in Matlab®. In this context, homogenous indicates that the bending modulus of elasticity

is constant along the whole specimen. These theoretical models were employed for both static and dynamic
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simulation of the beams. The static analysis was performed to compare the static bending stiffness of the
theoretical models with the results obtained from the experimental tests (#s7). On the other hand, finite
element dynamic analysis was used to update the models by comparing the natural frequencies extracted from
the experimental modal analysis with those frequencies obtained from the theoretical models. The geometry
and meshing of the three different finite element models can be observed in Fig. 6. The finite element models
are named FEM with a superscript indicating the type of beam (i.e., S for single beams, D for duo-laminated

beams, and G for glulam beams), with subscript H denoting the homogeneous properties of the model. The

meshing of the homogeneous single beam (FEMSH) is formed by 1301 elements. The homogeneous duo-

laminated beam model (FEMDH) is formed by 4287 elements, and the model for glulam beams (FEMGH)

contains 2359 elements. The assumptions made for these finite element models are as follows: (1) the material
is homogeneous and isotropic, (2) the lamellas are perfectly bonded to each other in duo-laminated and glulam
specimens, (3) a perfect clamp (fixed support) is applied as the boundary condition at the beam end, and (3)
the effect of damping is disregarded.

Figure 6. Homogeneous FEMs for (a) single, (b) duo-laminated, and (c) glulam specimens. ©

2

a) FEM?,

In the numerical model, the natural frequencies are obtained by solving the eigenvalue and eigenvector problem

represented as,

(K—puM)® =10

In this equation, K represents the stiffness matrix, M represents the mass matrix, ® corresponds to the
eigenvectors or modes, and # contains the eigenvalues that include the squared natural frequencies along the

main diagonal.

Assuming that ® # 0, a non-trivial solution exists in Eq. (4) leading to,
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By solving this equation, the natural frequencies “+ can be obtained. The mode shapes can be determined by

substituting the natural frequencies into Eq. (4) and solving the resulting system of equations.

In this work, the first four natural frequencies and mode shapes are used to update the modes. This

information is expressed as follows,

Ll ‘5511 P12 ‘3513 ¢14 o
] ¢21 'i’zz @523 ﬁf’zé
w3 Py P iy Py

Wi Py baz Pz Pas Jmea

[ﬂp 'I’p]t;imz

Here, £ is the vector containing the natural frequencies, ® represents the mode shapes, and subscript P
denotes whether it is from experimental (P =€) or theoretical (P =) data. The terms ?rs stand for the
components of the normalized mode shapes, where subscript # is the mode number and $ is the component
assigned to the measurement point or degree of freedom. The superscript *¥P indicates the type of specimen
(ie., S = single, D = duo-laminated, or G = glulam). The subscript H refers to the homogeneous theoretical
model.

The comparison of the natural frequencies is given by,

1 & Wi — We \
Fl E :_E :*r- ¥)
( MH) 2= 1( Wei

Here, ¥t and “Wei denote the natural frequencies obtained from the theoretical and experimental models,

respectively. The parameter ™ is the number of modes considered (i.e., m = 4), and Ti is the weighted
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parameter assigned to each mode. The design variable is £z g [The comma "." is not part of the equation. ] \yhjch
corresponds to the homogeneous dynamic modulus of elasticity. If the result given by Eq. (7) is less than a
threshold Bxg [The comma ", is not part of the equation. ] the modulus of elasticity EMA# is considered the solution (i.e.,
Byn ). In this work 8 = 1e-4. If this condition is not fulfilled in the first iteration (which is common in most

cases) the optimization process starts by optimizing the goal function depicted Eq. (7). This optimization
process is based on gradient descent determination using the following equation,

Eﬂ'& = Eji:d’H - avF(Eﬁm)

where @ is the stepsize, which is obtained by well-known methods used in optimization, and the gradient is
calculated using (Haftka Raphael T. 1992),

ap _ pdK
de _? 4ef

where ¥ are the normalized mode shapes (to simplify the notation during the derivation, the subscripts and

superscripts have been omitted). The derivatives of the squared natural frequencies in the main diagonal are
determinate as,

and the natural frequencies are obtained from,
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dwi 1 d(ws?)
dE  2w; dE

Finally, the gradient in each iteration is given by,

iy
dwy; Wy — wes
v | EF = ; s 7

Lai

which is introduced into Eq. (8) allowing the determination of the next dynamic modulus of elasticity in the
iterative process. This process is repeated until the comparison yields a result lower than the threshold B. The

*
optimum solution (i.e., EME) is thus obtained, representing the dynamic modulus of elasticity that best fits the

experimental natural frequencies in the numerical model. The whole optimization process is depicted in Fig. 7.
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Figure 7. Finite element model updating by means of the optimization procedure ©
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2.5. Determination of the MOE using modal updating based on Particle Swarm
optimization (PSO) in non-homogeneous finite element models

The finite element models presented in the previous section considered the elasticity modulus as a
homogeneous variable for bending strength. However, due to the organic origin of timber, there is more likely
to be a significant variability in the mechanical properties in each specimen. These differences could be local or
global. For instance, global changes in MOE are due to the different elasticity modulus between lamellas
forming the glulam specimen, and local effects are due to the presence of defects and/or natural discontinuities

(e.g. knots, bark pockets, wanes, grain deviation, etc.).

In this work, a finite element model-updating technique based on substructures was implemented to find the
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variation of MOE throughout the different lamellas. The finite element model enables different values of the
MOE to be assigned to the different wooden boards (also called substructures). The correct assignation of a
MOE to these substructures should allow a better fit of natural frequencies and mode shapes than that
obtained with the homogeneous models. Figure 8 shows these models for duo-laminated (Fig. 8a) and glulam (
Fig. 8b) specimens, where the substructures are emphasized in colored zones. In this case, the subscript L
stands for the numerical model with the lamellas modeled as substructures. Thus, the colors green and white
differentiate the substructures with different MOEs. Zones with uniform color have homogeneous stiffness
values. However, it is important to highlight that substructures in Fig. 8(b) with the same color do not
necessarily have the same MOE. The assumptions made for the homogeneous finite element models are still
applicable here, with the exception of the homogeneity and isotropy conditions, which obviously do not hold in

this non-homogeneous case.

Figure 8. Substructured FEMs of (a) duo-laminated, and (b) glulam beams. ©

a) FEMPD

The objective of these numerical models is to study the influence of the different stiffness properties of each
lamella on the global behavior of the beams. Thus, the MOE of these models is denoted as the vector Efy

a
and BLy for duo-laminated samples and glulam beams, respectively. That is,
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o . 1 % 3 (d
Efy = [Efy Efy Efw Efy]

Assuming that the experimental modal measurements are correct, the differences between the theoretical and

experimental model should be minimized by using the following goal function,

i 2 L
minimize F(E) — %Zﬂ (u) +3 8 (1 - MAG;)?

Wei i1

where MAC is the Modal Assurance Criterium (Perera and Ruiz 2008), which is frequently applied to measure
the differences between the theoretical mode shapes and the experimental ones (Kouroussis, Ben Fekih, and
Descamps 2017). The MAC value is weighted by the coefficient % in the goal function.

Mode shapes are introduced here because the size of the problem requires more information to find accurate
solutions. Thus, it is necessary to change the objective function used in single beams by Eq. (15), in order to
adapt the algorithm to the new set of design variables. Furthermore, to improve the efficiency and robustness
of the optimization process, the Particle Swarm Optimization (P SO) algorithm was used to minimize Eq. (15).
Using this approach, the vector of design variables containing the stiffness of each substructure is randomly
generated and termed as particles to be optimized in the mathematical process. The PSO algorithm can be

mathematically formulated in the following way (Alkayem, Cao, and Ragulskis 2019),
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u;?“ = avj-‘ +bim (Qbm i~ E}) +barz (95‘53‘ - E?)

R+1 _ S+
Ej = E";“ +v;

In Equation (16), the first part provides the velocity of the particle J»¢ [The comma "." is not part of the equation. ] (j ¢
1"? I 1) at iteration k. The parameter @ is the weight of the inertia, b1 and b2 are the so-called acceleration
coefficients. The parameters 1 and T2 are random numbers generated between 0 and 1. The modulus of
elasticity in each substructure at iteration k is Ej 1@ [The comma *."is not part of the equation. ] yhich is updated to Eit
in the next iteration (i.e.,  + 1) by using the second equation. The best position of particle J at iteration k is
Seest § and the best position of the group up to iteration k is Ybest- @ [The period "." is not part of the equation. | Thege
parameters remain fixed throughout the optimization process (in this work these parameters are set as @ = 1.0,

and b1 = b2 =2.0).

Thus, the iterative process modifies the stiffness values in the FE model assigned to substructures to match the
results obtained in the model and the experimental results. The algorithm starts by creating an initial set of
particles (vector Ef), which is stored in a matrix with the dimensions coincident with the number of
substructures. A fixed number of population size, IVP»g [The comma"." is not part of the equation. ] jg established in this
work equal to 100 particles. Two stopping criteria are used. The first one is the number of generations, which
is limited to a maximum, Gmax (in this work Gmax = 50 generations). The second one is a threshold in the value
of the objective function, in a similar way used in the local search (i.e., B < le-4). The first criterion to be

fulfilled establishes the termination of the optimization process.

2.6. Relationship between different MOEs obtained using the different methods

The experimental tests provide the relationship between the MOEs obtained by three different procedures, i.e.,
the static bending test, ultrasound wave propagation and modal updating. The general procedure consists of
three steps conducted on: (1) single beams, (2) duo-laminated beams, and (3) glulam beams. The first step
provides the basic relationships between different MOEs in single beams and evaluates the influence of the
Concentrated Knot Diameter Ratio (CKDR). Thus, it provides the features of this material that will be useful
in the next steps. In the second step, the static MOEs of duo-laminated beams are determined and compared

with the extrapolated results obtained from single beams. In the third step, the same procedure used with duo-
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laminated beams is repeated for the glulam beams in order to obtain information in the current situation. Figure
9 illustrates the procedure carried out in step one for each single beam. The 28 samples of the two species

were studied to obtain theoretical and experimental MOEs.

Figure 9. Step one: process for the comparison of MOEs in single beams. ©
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The experimental static bending modulus of elasticity (Eg‘l") was determined according to the European
Standard EN-408 (2011) and serves as a reference value for the MOE. The Eg's was obtained by direct
ultrasound measurement following the aforementioned procedure. Modal experimental analysis was performed
in each single beam to obtain natural frequencies, i.e. [n’=]§r’ [IhEieom s ot patE O the SqUAtiona] where
subscript £ stands for real system. The local search optimization method was used to update the model

FEMSH using the objective function shown in Eq. (7), obtaining the bending modulus of elasticity of the

. 3 - non 1 . .
homogeneous model, i.e., £aza-gp [The period "." is not part of the equation. ] The comparison of the experimental

"o

natural frequencies and those obtained by optimization, i.e., [{%Erg® [The conma "."is not part of the equation. ]

provides an evaluation of the quality of the fit regarding the structural model. The modal error in single beams,

5 . . . .
denoted as €M is determined through the following equation,
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100;i = 1,2,...,m

.
Eﬂ(%)z‘u
g

where i is the i-th natural frequency obtained by experimentation and %t refers to the same value obtained
theoretically.

The results obtained from this first step enable the relationship between the MOEs and the influence of the
CKDR by using statistical regression techniques. As will be verified later, and in accordance with the results
obtained by other authors (Fernandez-Serrano and Villasante 2021), these relationships are strongly linear. For
this reason, they are established as follows,

ES, = A, + By Ef

El, = A + By By

Ef, = Ay + By Ej; + O3 CKDR®
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E}, = Ay + B4E3y; + Cy CKDRS

where A;@ [The comma "." is not part of the equation. ] B and €' represent the linear regression coefficients. Equations (1

8) and (19) establish the relationship without considering the influence of knots, whereas Egs. (20) and (21)

3
include the effect of the CKDR. These equations will enable the prediction of the Esr from modal and
ultrasound MOEs in the next step.

Figure 10 shows the procedure carried out in step two, where the 17 duo-laminated specimens were tested to

D
obtain the MOESs by the three different methods. The E3r of the duo-laminated beams was experimentally

obtained by using the standardized four-point bending test in a similar way to step one. Ultrasound testing was
D D D
used to obtain the Fus in each lamella forming the duo-laminated beam (i.e., Eyg and Eyg by sample). The

D1 D2
MOE of each lamella was transformed into the static modulus of elasticity, (i.e., Esr vs and Esr Us) by using

the relationships given by Egs. (18) and (20). These moduli were used for modeling the stiffness of the
substructures (lamellas) in the numerical model MEF} depicted in Fig. (a). This model is solved in a static

D
simulation of the standardized four-point bending test to obtain the global static modulus (i.e., Eg us) of the

duo-laminated beam by using Eq. (2). This modulus can be compared with the same modulus obtained
D
experimentally in the standardized test (i.e., EST). The difference is the error of the ultrasound-based technique

. . . . . . D
for the estimation of the static bending stiffness (i.e., £7s).
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Figure 10. Step 2: comparison of MOEs in duo-laminated beams. @
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On the other hand, the experimental modal analysis provides the natural frequencies and mode shapes of the
= 1D - . . .

duo-laminated beams, i.e., (2. ®. ]R*’ [The period "." is not part of the equation. ] Ty order to obtain the bending

dynamic modulus of elasticity, the homogeneous (MEPﬁ) and substructured (MEFE ) finite element models

were updated by means of optimization. In the homogeneous model, the updating process provides Eﬁﬂs’
[The comma *," is not part of the equation. ] yhereag the substructured models provide one modulus for each lamella
forming the beam, i.e., Eift and Eﬂ%’ [The period ™" is not part of the equation. ] By means of Eqs.(19) and (21)
these values are transformed into the static modulus of elasticity (EJSUT ax @ [The comma "," is not part of the equation. ]
Eg% ML and EE% ML), In the homogeneous model, ES}?T MH is the global static modulus obtained from modal
analysis, which can be directly compared with the experimental modulus Egl‘, sl ety e
equation. ] However, in the substructured models, the two moduli of each lamella are used to simulate the

standardized four-point bending test, using Eq. (2) to obtain the global 7 sz @ [The comma "," is not part of the
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equation. ] which can be compared with the static modulus EJSJI, [The period "." is not part of the equation. ] The errors in

the estimation of the static modulus of elasticity are evaluated by,

Eg_siein — Bsr

Egy

100

E-H.-Dfeth (%) =

oo . . . . . .. D
where Eitetn is the error in the estimation of the equivalent static elasticity modulus (EG Meit) from ultrasound

testing (Meth = US), modal update in homogeneous model (Meth = MH), or modal update in substructured

model (Meth = ML). This equation compares these estimations with respect to the static modulus, Egﬂ"’ [

comma "," is not part of the equation. ] ohtained from the standardized bending test.

2.7. Statistical and regression analysis

Correlation analysis between variables was performed using simple linear regression and multiple regression
analysis. Nonlinear models were not considered because all models fit well into linear correlations. The

regression model is formulated according to the following equation,

vy=Ai+Bix; + Cixg + ¢

where ¥ is the response, i is the intercept and Bi and Ci are the constant coefficients or slopes in the model,

Z1 and %2 are the observations or predictors, and £ is the error. In univariate models, the coefficient C' = 0.

The statistical differences between variables were assessed using the coefficient of determination R
Hypothesis testing was used to verify the independence of the means when comparing results from the same
type of test. The analysis of the variance (ANOVA) test was conducted to verify the existence of the
regression. The null hypothesis means that the predictors do not provide any information about the response,
while the alternative hypothesis checks the existence of the linear relationship between predictors and the
response. The analysis of the covariance (ANCOVA) was used to compare two regression lines to each other.
This analysis compares the slopes and the intercepts and determine whether they belong to the same or

different groups. ANCO VA makes the assumptions of linear regression with normality and homoscedasticity.
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Significant differences were accepted when p < 0.05.

3. Results

A summary of the moisture content (MC) and the static modulus of elasticity obtained for the different types
of samples in the experimental survey are shown in Table 2. On average, the MOE obtained by ultrasound
measurements in the longitudinal direction is higher than the static MOE (mean difference 55.8% and SD
=1.10), whereas the MOE obtained by modal updating is slightly lower (mean difference value —2.8% and SD
=0.79). These values are in agreement with the results provided by other authors (Fernandez-Serrano and
Villasante 2021; Hassan, Horacek, and Tippner 2013). In the next sections, the detailed results obtained for
the MOEs in the three steps are presented.

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version. This
html display is to enable content corrections to the table. To preview the printed/pdf presentation of the
table, please view the ‘PDF’ tab.

Table 2. Overall statistical results of the moisture content and static modulus of elasticity
obtained according to European Standard EN 408:2010. ©

0
Type Species Mean (SDI\),IC & Max.—Min. Mean (SD) R Max.—Min.
Simple Pinus S. 15.4 (0.37) 16.0-14.9 8512.1 (2825.41) 14079.2—4638.5
Spruce 15.7 (0.70) 17.7-15.0 10478.5 (2105.45) 14702.4-6939.9
Duo Pinus S. 16.8 (1.32) 17.2-15.0 9758.1 (644.27) 10674.6-8719.2
Spruce 15.5 (0.28) 15.9-15.0 7946.8 (872.14) 9119.3-6972.5
Glulam Pinus S. 16.5 (0.84) 17.7-15.4 7418.8 (871.33) 8034.9-6802.7
Spruce 14.86 (0.28) 15.2-14.6 8491.6 (251.72) 8669.6-8313.6

3.1 Results in step 1: single beams

The first issue considered in the comparison of the MOEs is whether the results of one species could be

grouped together with the other one; otherwise, they should be treated separately. To this end, the analysis of
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covariance (ANCOVA) was performed by comparing the regression lines of each species. The first null
hypothesis compares the slope of both lines. If this hypothesis is accepted the slopes of both lines are
considered equal (i.e., parallel lines). The second null hypothesis considers that both regression lines intercept
the coordinate axes at the same point. The acceptance of the two null hypotheses means that both lines are the
same line and the two species can be treated as only one group. Figure 11(a) shows the two linear models for

.. . = : : .
each species in the comparison of £8r vs. Egs 1@ [The comma "," is not part of the equation. | 5\ Fig, 11(b) shows the

. 3 g : .
same comparison for ZSr vs. Ejry g [The period "." is not part of the equation. ] Tt cap be observed that in both cases

the lines for the two species are quite similar; however, it is necessary to demonstrate statistically that they are

non
s

3 3
the same line. The analysis of the covariance in the relationship between Esr and Eus demonstrates that the
slope and the intercept of the two lines are the same because the p-value is greater than the 5% of the
3 3
significance level (p = 0.789). The covariance analysis for the comparison of Esr and Euma also confirms this

hypothesis (p = 0.502) and, therefore, both species can be analyzed together.

. . . . . . . &) S
Figure 11. Linear regressions for Spruce and Pinus Sylvestris species in the comparison of (a) Esr vs. Eys
S S
and (b) Esr vs. Emn @
4 4
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Figures 12(a) and 12(b) show the results of the bivariate regression analysis of the two species grouped
together. These models provide the static modulus of elasticity (i.e., Eé?‘) from the modulus obtained from
ultrasound measurements (i.e., Eg‘S), and modal analysis (i.e., Efm ), respectively. In these figures, the solid
lines provide the linear models and the dashed lines establish the confidence bounds of 95%. Table 3 shows the
parameters of the regression lines for the two traces (models 1 and 2). The analysis of the variance test
(ANOVA) was performed to check the validity of the regression models. The values of R% and p are shown in
this table. In the two models, R? is higher than 0.9 and the p-value was found less than 0.05 (i.e., 5%),

3 s
reflecting the good correlation between MOEs. However, the R? value for the relationship of Esr — Bys is
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S S . "non o 1 . . . .
lower than for st — Eagsr-g [The period "." is not part of the equation. ] Degpite the good correlation, a bivariate

correlation model was studied to ascertain the influence of knots on the predictions. For this reason, the
Concentrated Knot Diameter Ratio (CKDR) was included as the second predictor and the results are shown in
Figs. 12(c) and 12(d). The statistical parameters are shown in Table 3 (models 3 and 4). In the case of

g g
Egr — Eys there is a clear influence of the CKDR (C3=-3181.1) with an improvement in R? with respect to

g s
the bivariate regression model. However, the influence of the CKDR on the Esr — B relationship is less

(C4=-1027.5) and R? does not undergo a significant variation.

® [In the Figure 12 caption, the comma ","

ESST! E‘r?*s’ and Eﬁw

regression between

after Est”s, and the comma ",

"

after Eus”'s are not part of the equation. ]Figure 12. Linear

in single beams for the two timber species: (a) model for ultrasound

tests, (b) model for homogeneous modal updating, (c) influence of the CKDR in ultrasound tests, and (d) in

modal tests. @
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Table 3. Parameters and statistics in the models of linear regression for single beams. ©

Relationship
s 8
Egr — Eys
Egp — By

Ei, — ESs — CKDRS

Ei, — B3, — CKDR®

Models

A
-515.7

-673.1
421.4

-364.3

B
0.6785

1.1732

0.6

1.2

C

-3181.1

-1027.5

RE
0.925

0.982
0.937

0.982

P-vaule
<0.05

<0.05

<0.05

<0.05

The comparison of the natural frequencies obtained from experimental tests and the numerical model ("Fr EM )

is shown in Fig. 13. This figure shows the errors obtained by using Eq. (17) in the first four natural frequencies

for the Pinus Sylvestris (P 1-14) and Spruce (S1-14) species. For the first natural frequencies, the mean value
of the error is 0.07% (SD = 0.239%). The mean value of the errors for the second, third and fourth natural
frequencies are increasing, and they are 1.49% (SD = 2.247%), 2.04% (SD =3.677%), and 3.47% (SD =

5.060%), respectively. This increment in errors is a common effect in modal analysis because the

imperfections of the material and boundary conditions have a greater influence in higher modes (Altunigik,

Okur, and Kahya 2017).
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Figure 13. Errors obtained in the theoretical determination of the natural frequencies in modal analysis using
the model FEMSH for Pinus Sylvestris and Spruce species: (a) first mode, (b) second mode, (c¢) third mode,
and (d) fourth mode. @
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3.2. Results in step 2: duo-laminated beams

Following the process established in Fig. 10, the static modulus of elasticity (ESJ?T) was obtained by using the
standardized test for the 17 duo-laminated beams. On the other hand, using the MC corrections (European
Standard EN 384:2016 + A1 2010), given by the direct ultrasound measurements were transformed in the
modulus of elasticity in the two lamellas of each specimen (i.e., E% and Ei:?%). These moduli are converted
into the equivalent static modulus (EET Us) using the two aforementioned models, which are reformulated here

by substituting the constants with their values (see Table 3) as follows.
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E2l ¢ = —515 + 0.6785 ED;,

ESi_ysioxpry = 421.4+0.600 Ej; — 3181.1 CKDR™

The first equation provides the equivalent static modulus of elasticity for each lamella given by the regression
model without considering the influence of the knots. Equation (25) provides the same value but includes the
influence of the CKDR in the estimation.

These static moduli of elasticity are used to simulate the standardized static bending test using the finite
element model FEME :@ [The period "." is not part of the equation. ] By yi5ing Eq. (2), this simulation provides the global

static modulus of each double beam (i.e., Eg Us). In Fig. 14 this modulus is compared with the static modulus
obtained from the experimental tests. Table 4 shows the constants and statistical parameters of the regression
lines (models 5 and 6). The coefficient of determination (R?) is higher when CKDR is considered.
Furthermore, the ANCO VA analysis determines that the two regression lines (with and without the influence of
CKDR) are not the same (p < 0.05). Fig. 15 shows the errors using Eq. (22) for the 17 samples (D1-D17) in
the estimation of static modulus of elasticity from ultrasound measurements. The results without considering
the CKDR are blue bars whereas the red ones include the CKDR in the estimation. Excepting one case with a
very low concentration of knots (sample D15), the consideration of the CKDR produces an important
reduction in the errors and, consequently, an improvement in the estimation of the EgT’ [The period ®." is not part
ofthe equation. ] 1y fact, the mean error without CKDR is 15.1% (SD = 5.03%), whereas the mean error
considering the effect of CKDR is 7.0% (SD = 3.40%). This difference is significant (ANO VA test, p < 0.05).
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D D
Figure 14. Linear models for the correlation between the Esr and £ vs with and without considering the
influence of the CKDR. ©
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Figure 15. Errors in the estimation of the static modulus of elasticity from the ultrasound measurements with
and without considering the influence of the CKDR. @
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Table 4. Comparison of the static modulus of elasticity and the equivalent values obtained from
ultrasound and modal updating in duo-laminated beams. @

Relationship Models A B R? P-vaule
E?T — }_F}E Us 5 16.427 1.14850 0.890 <0.05
EZ. — ER . — CKDRP 6 -771.710 1.15100 0914 | <0.05
E-SDT — E-ET - 7 4658.600 0.49299 0.376 <0.05
E2, — D \yn — CKDRP 8 4629.100 0.49604 0334 | <0.05
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ESDT — E‘E WL 9 -372.710 1.01640 0.937 <0.05

' —
Egr — E§ y; — CKDR 10 467.210 104900 0940 | <0.05

Figure 16 shows the results in the determination of the static modulus of elasticity from the updating dynamic
models, ¥ EM% and FEMT g [The period "." is not part of the equation. ] When the homogeneous model is used, the R2
coefficients are very low (Table 4, model 7and 8) regardless of the consideration of the CKDR (see Fig. 16a).
However, the substructured finite element model (see Fig. 16b) provides a good estimation of the static
modulus of elasticity. Indeed, the dispersion of the results is lower, and this fact is reflected in the higher values
of R? coefficients in both models, without CKDR (Table 4, model 9) and with CKDR (Table 4, model 10). Fi
gure 17 shows the errors in the four models. For the homogenous model without CKDR (model 7) the mean
error is 7.2% (SD = 6.98%), while considering CKDR (model 8) provides a mean error of 7.6% (SD =
6.89%). This difference is not significant (ANOVA test, p = 0.991). The substructured model without CKDR
(model 9) has a mean error of 3.2% (SD = 2.37%), and with CKDR (model 10) the mean error is 2.76% (SD
= 1.57%). However, this difference is not significant (p-value = 0.051).

Figure 16. Estimation of static modulus of elasticity using modal analysis with and without CKDR influence in:

(a) homogeneous models (FEMDH), and (b) substructured models (FEMP L. ©

4
402 10° 34,219 B
: o «Model FEM{without CKDR -
l . x 1. === o Model FEMPwith CKDR 5
o, x Model FEM_without CKDR 9
§ 4 == ©Model FEM?with CKDR S 09
= e e
509 S 08
af Qo
=08 = o
0.7 ‘ ‘ ‘ ‘ 0.6 : : : :
07 0.8 0.9 1 1.1 0.7 08 0.9 1 11
EZ. (MPa) x10* Egy (MPa) x10°
a) b)

IST: 2023-07-08: 1:28:29 PM | This track pdf was produced from the KGL online proofing tool and is intended to be used as a reference. | Page 35 of 53



Title: Estimation of the static bending modulus of elasticity ...

Figure 17. Errors in the estimation of the static modulus of elasticity (i.e., Egz‘ MH and Eg ML) from modal
analysis using homogeneous and substructured models. ©
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3.3. Results in step 3: glulam beams

The four specimens of glulam beams were submitted to the same process as duo-laminated beams. However,
since the glulam beams were assembled prior to this study, it was not possible to evaluate the knot
concentration in the lumber surfaces to determine the CKDR. Thus, all the analyses were carried out without
considering the CKDR. Although this seems an awkward assumption in this work, this situation is similar to
reality when an actual NDT is performed.

The standardized bending four-point test was used to obtain the static modulus of elasticity, EET,, [The commn

is not part of the equation. ] of the beams. Ultrasound measurements provided the modulus of elasticity (EG US) in

the four lamellas of each beam. The equivalent static modulus of elasticity (Eg;‘—US) was obtained by means of

using model 1 given in Table 3. After that, these moduli were used to model the stiffness of each substructure

iy FEMS

L and simulate the static four-point bending test to obtain the global static modulus of elasticity in each

specimen, i.e., Eg_US , [The full stop "." is not part of the equation. ]

Modal updating was carried out using experimental data from modal analysis. This analysis enabled the
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dynamic modulus of elasticity to be obtained in the homogenous finite element model (F EME ) and in the

Efii g [The

substructured one (F EME). In the former, the local search optimization approach provided the
is not part of the equation. ] which was introduced in model 2 (see Table 3) to obtain the By wn '@ [The period
""is not part of the equation. ] Oy the other hand, the PSO algorithm was used to update the substructured model

"non o 3 . . i- . . .
FEM e obtaining B3 in cach lamella, which was used in model 2 to

comma ",

i “ LU 3 .
obtain the equivalent static modulus E§) w1 *@ [The period "." is not part of the equation. ] Thege moduli were used to

simulate the static bending test in the finite element model, obtaining the global modulus of elasticity Eg—HL',

[The period "." is not part of the equation. ] Table 5 shows the comparison of the Egr,, [The comma "," is not part of the equation. ]

Eg—US ' [The comma "," is not part of the equation. ] Eg;n_;mg w [The comma "," is not part of the equation. ] and Eg—ML ‘» [The

period "." is not part of the equation. ] Figyre 18 shows the errors in the comparison of the estimated static modulus with
respect to the one obtained from the standardized test. The mean error for ultrasound is 14.4% (SD = 2.25%),
for modal updating in the homogeneous model it is 12.2% (SD = 2.55%), and for the non-homogeneous model
6.3% (SD = 1.86%). The differences between errors in each kind of test are significant (ANOVA test, p <
0.05).

Figure 18. Errors in the estimation of the static modulus of elasticity obtained from ultrasound (Eg—US), modal

analysis in homogeneous (EgT—MH ) and non-homogeneous (Eg—!ﬂr) glulam beams. ©
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Table 5. Static modulus of elasticity obtained from the standardized test and those obtained from

ultrasound tests and modal analysis. ©

Specimen Species Eg Eg_ys B ma EG
o1 Pinus S. 6802.68 7586.21 5946.81 7203.14
G2 Pinus S. 8034.93 9205.23 724051 7335.94
G3 Spruce 8669.58 10144.45 774440 8112.04
G4 Spruce 831359 9538.73 7016.13 7965.57

4. Discussion

This work analyzed whether the ultrasound measurements and modal updating are accurate NDT techniques
for estimating the bending modulus of elasticity in glulam elements. The study is not focused on the detection
of a specific kind of damage, but on the assessment of the accuracy in the estimation of the MOE. In fact, the
structural elements tested are healthy beams with a broad range of stiffness. The results provide the errors in
the evaluation of MOE under controlled laboratory conditions. In this way, the results obtained could be

extrapolated to onsite NDT inspection of glulam.

To this end, three kinds of beam specimens were tested. Single beams were used to obtain the basic features of
the material. The results from these specimens showed that the two species (i.e., Pinus Sylvestris and Spruce)
can be grouped together to estimate the MOE from NDT results. This is because the two correlation models
do not show significant differences. The results of the experimental tests show the influence of knots in the
MOE estimation. In fact, knots produce a gradual decrease in the static and dynamic MOEs. This influence of
knots in the estimation of MOE is implemented in this work by means of the CKDR as a predictor in the

bivariate models. The results show that knots increase the uncertainty in ultrasound measurements. Indeed, the
3 3
correlation without the CKDR between the £os and £sr is R2 = 0.925 and considering the CKDR it is

incremented to R2 = 0.937. In modal updating, this influence is much smaller and there is no change in the
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correlation coefficient. Furthermore, the correlation between static and modal MOEs is greater than the

correlation obtained between static and ultrasound MOEs (R2 =0.937 in the ultrasound approach vs. R%*=
0.982 in modal updating). Ultrasound techniques for MOE estimation are more sensitive to the presence of
knots or clustered knots than modal updating. The explanation for this effect can be found in uncertainties
produced by alterations due to knots in wave propagation. Despite this drawback, the results of ultrasound
measurements in single beams can be considered good enough since the correlation is higher than 0.9 in all

cases.

In duo-laminated beams, the estimation of the static MOE by means of ultrasound measurements shows
significant differences between the univariate and bivariate models. This fact highlights the influence of the
presence of knots in the assessment of the stiffness, and how the consideration of the CKDR improves this
estimation. Modal updating in duo-laminated beams shows that the consideration of substructures provides
greater accuracy in estimating the modulus of elasticity. Indeed, a very low coefficient of determination is
obtained in the relation between MOEs for homogeneous models, but substructured models strongly improve
the results. It is important to point out that small differences in the dynamic modulus in each lamella provide
important changes in natural frequencies and mode shapes. Thus, the adjustment of the dynamic MOE is
strongly influenced by these variations. Although lower errors have been obtained when the CKDR was
considered in the MOE estimation, the differences found are not significant. Thus, it can be concluded that the
use of the CKDR has a negligible influence on modal updating. The different influences that the presence of
knots produces in the two approaches when estimating the elastic modulus should be noted. While ultrasound-
based measurements are strongly influenced by CKDR, the modal update method is not. This effect can be
explained because in modal analysis the reduction of bending stiffness produced by knots is implicit in the
results obtained from experiments in the natural frequencies and mode shapes. However, in acoustic methods,
the presence of knots distorts the propagation of waves, generating random effects which are not directly

related to the stiffness.

In the glulam specimen tests, the errors show the same trend as in simple and duo-laminated specimens, that is,
the maximum error is obtained with the ultrasound-based approach (17.0%), although, in some individual cases
the homogeneous model produces the maximum error. In all cases, the best results are obtained for modal

updating with the non-homogeneous model (min. error = 4.2% - max. error = 8.7%).

The level of confidence of the results shows that neither the ultrasound-based approach nor model updating
achieve the necessary accuracy to work alone as an NDT technique on large structures of glulam timber. The
acoustic measurement is influenced by the presence of knots, and their concentration cannot be accurately
determined by inspection. Thus, a variability of the results can be expected in the assessment in-situ. On the
other hand, the modal updating approach provided a reasonable level of accuracy. However, the experimental
modal analysis performed in this work was carried out in the laboratory under controlled conditions. Actual
glulam structures are much more complex and additional uncertainties could be expected caused by the
variation in geometry, boundaries, defects, etc (Zhai et al. 2023). Thus, further experimental tests should be

performed in laboratory and in-situ to explore the capabilities and limitations of the proposed approaches.

IST: 2023-07-08: 1:28:29 PM | This track pdf was produced from the KGL online proofing tool and is intended to be used as a reference. | Page 39 of 53



Title: Estimation of the static bending modulus of elasticity ...

Finally, based on everything discussed above, the two most suitable procedures for predicting the static
modulus of elasticity using ultrasound measurements and modal updating are established. These procedures are
shown in Fig. 19, outlining the steps to be followed in each case. In the case of ultrasound, the dynamic MOE
is first obtained using Eq. (3) and, if the CKDR is unknown, Model 1 from Table 3 is used to estimate the
static MOE for each lamella. If the CKDR for all specimens were known, the static modulus would be
estimated using Model 3. Once the static MOE of each specimen is obtained, the overall static MOE of the

component is determined through finite element simulation.

Figure 19. Proposed methodology for the determination of static MOE using ultrasound techniques and modal

updating. ©
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On the other hand, modal updating starts with experimental modal analysis, providing the natural frequencies

and mode shapes of the actual system. These data, together with the substructured numerical models and the
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PSO approach, enable the determination of the dynamic MOE of each lamella. Subsequently, the prediction
of the static modulus for each lamella is obtained using Model 2 from Table 3. Once these values are
established, they are incorporated into the finite element model to obtain the global static MOE.

These procedures enable the static MOE of structural systems in service to be obtained and compared with the
static MOE of the healthy structure. The differences indicate whether there has been a reduction in the

structural capacity and if any type of repair is required.

5. Conclusions

The results of this study demonstrate that ultrasound and modal updating techniques serve as good predictors
for the static bending modulus of elasticity in glulam elements. However, it should be noted that the ultrasound
technique tends to overestimate the static modulus, while the modal-updating approach underestimates it.
Nevertheless, the strong correlation found among the MOEs demonstrates the validity of the linear models for
prediction. Based on the experimental analysis and numerical simulations carried out in this study, the following

conclusions can be drawn:

1. The predictions made with the models do not exhibit significant differences when either Pinus
sylvestris or spruce species are used. Thus, the linear models obtained from the experimental
analysis can be used for both species without modifying the slope or intercept coefficients.

2. The density and concentration of knots have a significant influence on the estimation of the
static modulus of elasticity when employing the ultrasound technique. Whenever the CKDR is
available, it should be included in the estimation of the static modulus using model 3 (Table 3).
Otherwise, model 1 (also presented in the same table) could be used, albeit with a slight
decrease in accuracy while maintaining reasonable precision.

3. Modal updating requires the use of substructures to model the lack of homogeneity in glulam
elements. The use of homogeneous models resulted in outcomes with a large dispersion and
poor accuracy. The distinct elasticity properties in each lamella give rise to changes in natural
frequencies and mode shapes that can be obtained through optimization. The PSO-based
algorithm demonstrates good accuracy in determining these changes.

4. The consideration of the CKDR in the modal updating approach has a negligible influence on
the results. The influence of knot density and its concentrations is implicitly captured in the
outcomes provided by modal analysis, given the accurate estimation of the static MOE. Thus,

model 2 in Table 3 yields the best results for obtaining the static modulus in each lamella.
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5. Both methods provide a reliable estimation of the static modulus of elasticity. However, the
modal update approach proves to be more reliable than the ultrasound-based technique under
laboratory conditions. Despite the good accuracy achieved in the predictions from this study;, it
is important to emphasize that the on-site application of these assessment techniques requires

the incorporation of more realistic boundary conditions in the experimental tests.
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