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Abstract

The application of adhesives in modern timber engineering often introduces mois-
ture into the wood, leading to permanent residual stresses after hardening. This
paper proposes a novel approach to assess these residual stresses by using wooden
bilayers as a reporter system. For thin bilayers, moisture-induced stresses lead to
pronounced visible flexion that can be used to identify the stress-driving param-
eters of the adhesive’s gelation process. These parameters depend solely on the
wood/adhesive combination and are inversely determined by fitting a finite element
method model on the experimentally obtained flexion state. In a subsequent step,
the determined parameters are used to calculate the residual stresses in the adhe-
sive bondline of cross-laminated timber plates, emphasizing this approach’s scale
independence and general applicability to larger scale structures. All combinations
of European beech and Norway spruce with the adhesives Melamine—Urea—Formal-
dehyde (MUF), Phenol-Resorcinol-Formaldehyde (PRF), and Polyurethane (PUR)
were investigated.

Introduction

Adhesive bonding is the backbone of modern timber engineering, extending sizes,
geometries, reliability, and many other key properties for design. This was enabled
by impressive technical progress in adhesive formulations. For structural applica-
tions, adhesives based on polyaddition and -condensation reactions (Kollmann
et al. 1975; Kumar and Pizzi 2019; Hunt et al. 2019) are common. The composi-
tion of adhesives and their respective chemistry of cross-linking often involves
water release or uptake. Wood-water interactions in the adherent wood layers
involve moisture transport (Siau 1984; Skaar 1988), hygro-expansion, and change of
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mechanical properties (Kollmann and Cote 1968; Niemz and Sonderegger 2017). In
an out-of-equilibrium system this inevitably results in fabrication-induced residual
stresses (Kollmann et al. 1975; Gereke 2009; Hunt et al. 2019), that will superim-
pose with the regular stress field due to service loads. If stresses are uncertain, their
effect on the load capacity is uncertain as well. Unfortunately, residual stresses are
not comprised implicitly in standard adhesive bonding strength test cases, as sum-
marized in Hénsel et al. (2021). According to DIN EN 301 (2017), DIN EN 302-1
(2013) and DIN EN 302-2 (2017) or ASTM D4501 (2014), shear strength has to be
determined at small scale by shear tests, assuming that these strength values can be
directly applied to the material development process of large-scale structural com-
ponents. However, the residual stresses have relaxed (Niemz and Sonderegger 2017)
as a consequence of the small-scale shear sample preparation due to cutting prior
to the testing. Additionally, residual stresses are also size-dependent (Okkonen and
River 1989; Hassani et al. 2016; Hénsel et al. 2021), resulting in an uncertainty of
the remaining load bearing capacity of large-scale adhesively bonded wood com-
ponents. Knowledge of the true superimposed stresses will potentially allow a less
conservative construction approach. The fundamental problem of residual stresses
lies in their experimental accessibility, rendering the direct experimental determina-
tion questionable. It is possible to determine internal stresses via stress/strain relief
measurements when cutting cross sections (Archer 1987; Niemz and Sonderegger
2017). However, only selective stresses at specific points are measured, not allowing
a universally valid prediction of the continuum, and extensive cutting of full-size
samples is not always an option.

We demonstrate a combined experimental-numerical approach to universally
estimate such fabrication induced residual stresses. This is possible by back-calcu-
lating the stress-driving properties from spatial flexion states of moisture-sensitive
(Gronquist et al. 2018; Rindler et al. 2019) wood bilayers. Due to the limited kin-
ematics of bilayer deflections, the respective samples are thin and slender to be sen-
sitive to moisture changes (Wood et al. 2018; Rindler et al. 2019). The extracted
parameters describing the bonding process are not size-dependent and can then be
used to calculate residual stresses in larger scale structures, like cross-laminated tim-
ber (CLT) plates. In this study, all combinations of spruce and beech wood with
Melamine-Urea-Formaldehyde (MUF), Phenol-Resorcinol-Formaldehyde (PRF),
and one-component Polyurethane (1K-PUR) adhesives are evaluated. The experi-
mental flexion and moisture content evolution after adhesive bonding of the bilay-
ers and respective pressing is monitored at a constant climate. Two stress-driving
parameters are identified controlling the flexion of the bilayers, called the gelation
time 7, and film coefficient . In state-of-the-art simulations for hygro-mechanical
wood-adhesive joints like in Bachtiar et al. (2019), the correct physical description
of the wood-adhesive interface proved to be a challenge. These two parameters will
allow a more detailed description of this interaction during the hardening process
and its residual stresses. By fitting finite element method (FEM) simulations with
hygro-elastic material behavior to the observed deformation of the bilayers, the
parameters are inversely determined. To show the applicability of 7, and f in larger
scale structures, the most suitable parameter set is used in a subsequent step, where
the residual stresses occurring in the adhesive layers of CLT plates are determined.
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Materials and methods

Wooden bilayers consist of an adhesively bonded active, driving layer and a pas-
sive, resisting layer. The flexion of the bilayer during moisture change, depicted
in Fig. 1, is caused by a different fiber orientation in both layers. The different
fiber orientations go along with different hygro-expansive properties and respec-
tive changes of the elastic parameters along their individual layer axes. During
moisture change, the absolute flexion depends on the initial moisture content the
wood had during hardening, resulting from the environmental climate the wood
was equilibrated to and the water intake or outtake by the adhesive, as shown
for example by Rindler et al. (2019). The underlying mechanisms are depicted in
Fig. 2 with following stages:

(a) The bilayer is pressed. The adhesive is liquid and moisture diffuses into the active
and passive layer. Their moisture content increases. No moisture is exchanged
to the environment. The moisture gradient inside the wood layers and the con-
strained deformation leads to inner stresses.

(b) The adhesive is solid. The moisture content inside the wood increases further.
The adhesive bonding leads to a superposition of moisture gradient stresses and
compression in the active layer and tension in the passive layer, caused by the
suppressed deformation.

(c) The bilayer is removed from press, releasing its deformation potential by curving.
The bilayer curves due to the current moisture content, gelation state, and mois-
ture diffusion of the adhesive to the wood. Because moisture is then exchanged
with the environment, the overall moisture content decreases. With decreasing
moisture, the curvature first decreases and eventually flips into increasing oppo-
site curvature.

TL/ =2 mm
active -
o WWP =1 mm

passive
layer

bilayer

curved
bilayer

o
=3

Fig. 1 Active and passive layer in the wood bilayer including the fiber orientation and FE-mesh of the
quarter model. E| and E, are the Young’s moduli and «, and a, the swelling coefficients in radial (R) and
longitudinal (L) direction, respectively. T is the tangential direction and « the bilayer curvature
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Fig.2 Concept of bilayer deformation for water intake (MUF and PRF). The experimental mean curva-
TUreS Koy ep3 AN Koy geps are used in the inverse FEM calculation to obtain the unknown gelation time
Lol and film coefficient f. (+) and (—) indicate tensile and compressive stress in direction z. A and P indi-
cate the active and passive layer. a Bilayer is pressed, adhesive is liquid. b Adhesive is solid. ¢ Bilayer is
removed from press and curves due to its moisture. d Bilayer moisture decreases until equilibrium with
the environment

(d) The bilayer moisture decreases until equilibrium with the environment is reached,
resulting in an equilibrium curvature.

The corresponding parameters describing the bonding process and its respec-
tive water transport are obtained by conducting a set of experiments and inversely
fitting a parameter-dependent FEM model onto the observed curvature. In section
“Experimental study”, the setup of the experimental program is described, i.e., the
preparation of the wood layers, the application of the adhesive and the measurement
of curvature over time. This is followed by the numerical studies described in sec-
tion “Numerical approach”, where in a first step a quarter of the bilayer according to
Fig. 1 is simulated. The gelation time 7, and film coefficient f are identified as the
two stress-driving parameters. They are determined by simulating the bilayer experi-
ments and using a surrogate model to fit the model onto the experimental curvatures.
Followed by this in a second step, the determined parameters are used to investigate
the development of adhesively introduced residual stresses in CLT plates.

Experimental study

Wood layer preparation: Boards of Norway spruce (Picea abies) and European
beech (Fagus sylvatica) wood, which had been air dried, were planed to 10 mm
thickness and equilibrated in desorption to 65% relative humidity (RH) and 20 °C for
two months. Boards with rift configuration, where the width of the boards is parallel
to the radial (R) direction of the wood, were chosen, since the bilayer’s final layer
thicknesses of 1 mm and 2 mm are in the range of typical growth ring widths. Rift
configuration minimizes scatter and warping deformations of individual layers, and
provides a rather uniform ring orientation throughout the whole sample.
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Bilayer configuration and preparation: After equilibration, the boards were
planed to their final thicknesses of 1 mm and 2 mm, respectively, and further cut
down to strips of 130 mm length and 20 mm width. The length of the 2 mm thick
strips corresponds to the anatomical R direction of the wood and the width to its
longitudinal (L) direction. For the 1 mm strips, the fiber orientation is perpendicu-
larly shifted and the length corresponds to the L direction, whereas the width cor-
responds to the R direction. Both layers were bonded in this [0°,90° ] lay-up, leading
to the desired pure flexion behavior under moisture content change (Gronquist et al.
2018; Riiggeberg and Burgert 2015). The thicknesses of the wood layers were cho-
sen to be as low as possible while simultaneously avoiding a penetration of the adhe-
sive up to the outer wood surface. The thickness ratio of the active and passive layer
was chosen as 2:1 to obtain a high sensitivity of bending (Riiggeberg and Burgert
2015; Li et al. 2016; Gronquist et al. 2018) while still having a thin active layer.
Utilizing veneers was avoided, as veneers are altered in the wood—water interaction
due to fabrication requirements, leaving them not suitable for such studies. The sam-
ple thicknesses were determined by using a micrometer screw, with an accuracy of
10 — 50 pm.

Adhesives for bilayer bonding: Three types of commonly used wood adhesives
and their bonding-related stress generation were tested: 1K-PUR, MUF, and PRF.
The representative adhesives of the three different types are Kauramin 683 with
hardener 688 for MUF, Aerodux 185 RL with hardener HP155 (Bolleter Compos-
ites) for PRF, and HB S309 (Henkel, Purbond) for 1K-PUR. Table 1 lists their rel-
evant properties, like opening time, pressing time, and water content. Additionally,
the number of samples per set is documented here. For each of the altogether six
configurations, ten bilayers were initially manufactured. As not all the bilayers were
considered qualitatively suitable after manufacturing and pressing for the beech/PRF
configuration, only eight samples were used here for further evaluation. The applied
amount of adhesive was determined by weight measurements immediately before
the application of the adhesive and after taking the bilayers out from the press.

Bilayer bonding: For bonding, the bilayers were pressed in a hydraulic press with
the manufacturer-recommended pressures and pressing times from Table 1. It was

Table 1 Adhesive characteristics

N s MUF PRF PUR

(manufacturer guidelines) and

number of bilayer samples Mixture adhesive/hardener ~ 100/60  100/20 -

for MUF (BASF 2007), PRF )

(Bolleter Composites 2009) and Amount [g/m”] 440 225 120-160

PUR (Purbond 2011) Application DS DS SS
Open time [min] 50 8-10 30
Press time [min] 270 240 75
Pressure [MPa] 0.9 0.48-0.96 0.6-1
Number of samples
Spruce 10 10 10
Beech 10 8 10

DS/SS = double/single- sided adhesive application
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shown by Knorz et al. (2017) that the pressure itself does not have a considerable
impact on the bonding behavior of cross-laminated wood. For pressing, guiding rails
ensured the exact placement of the two layers and avoided relative movements dur-
ing handling of the press (Electronic Supplementary Material ESM A, Fig. Sla). As
pressing was done in a less well-controlled climate, the samples were sealed in thin
plastic foil to minimize the water exchange with the environment. Reference sam-
ples without added adhesives were pressed in parallel to record any eventual change
of weight due to the pressing environment. However, the weight changes proofed to
be insignificant. For PUR-bonded bilayers, no plastic foil was used because pretests
did not show any influence of the environment. This was due to the short pressing
time and the low moisture intake.

Experimental schedule and climate conditions: Weight and deflection images of
the bilayers were recorded after gluing and pressing at regular time intervals up to
72h after pressing for calculating the moisture content and curvature. First meas-
urements were taken immediately after removing the bilayers from the press and
detaching excess adhesive. The time intervals were increased from initially 20 min
to finally 24 h. All curvature and weight measurements after pressing were con-
ducted at 65% RH and 20 °C climate, identical to the climate conditions the sam-
ples were initially equilibrated to. RH and temperature were recorded every 2 min to
capture eventual climate instabilities. However, the conditions remained constant for
the entire period of this part of the study. Afterward, all samples were stored at 65%
RH and 20 °C for 1 year before a second set of measurements was conducted. This
set is serving as reference measurement for bilayer behavior in case of readily hard-
ened adhesives. Again, weight and curvature were taken in these conditions before
relocating the samples subsequently to 85%, 95%, back to 85% and 65% RH with the
temperature kept at 20 °C. The samples were equilibrated for at least two weeks in
the respective climate before recording weight and curvature.

Measuring relevant wood and adhesive properties on matched reference samples:
As a plausibility check to literature data, the density and stiffness of each individ-
ual wood layer was determined before bonding. The Young’s moduli in L and R
direction were determined by 4-point bending on a Zwick Roell 10 with a 10kN
load cell in displacement-controlled mode up to a 4 mm displacement and a rate of
10 mm/min.The results are documented in Table S2, ESM C and proofed to be suffi-
ciently close to literature data. The wood moisture content and swelling coefficients
in L and R direction were determined with reference samples manufactured simul-
taneously as twins to the bilayer samples (documented in Table S2). Wood moisture
contents were determined by double-weight measurement at experimental condi-
tion and at oven-dry state after drying at 103 °C for 24 h. The swelling coefficients
of the reference samples were determined by measuring the weight and dimension
after equilibrating to 65%, 85%, and 95% RH at 20°C for one week. The spatial
dimensions were determined by taking images and evaluating them with ImagelJ.
The water loss of freshly mixed adhesives at 65% RH and 20°C was determined
by repeated weighing of pure adhesive samples over six months assuming an equi-
librium moisture content at these conditions. According to Wimmer et al. (2013),
the moisture contents at this climate after full curing are 2% (PUR), 6% (MUF),
and 13% (PRF). Note that the moisture content loss in the samples differs from the
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difference between initial and final water content because part of the water is bonded
during the gelation process.

Calculating moisture content and curvature: For calculating the evolving mois-
ture content of the bilayers over time, the weight of the samples was recorded with
a precision of 0.1 mg. This weight was set into relation to the oven-dry mass of the
bilayer, which is composed of the dry weight of the wood layers and the dry weight
of the adhesive. The moisture content is defined as:

w = (ma) - mdry)/mdry' (1)

m,, is the mass of the moist bilayer and my,, its respective oven-dry mass. The
dry weight of each wood layer and its moisture content at 65%/20°C climate was
obtained from oven-dry measurements of the non-bonded reference samples. The
reference samples were prepared under the same conditions. Then, subsequently, the
dry weight of the adhesive was calculated from the weight of the bilayers after 1
year at 65%/20 °C climate and the sorption isotherms in Wimmer et al. (2013). This
was done via the following steps:

1. From the total weight of the bilayers after 1 year, the known weight of the wood
layers (with known equilibrium moisture content) was subtracted, leaving the
moist weight of the adhesive layer.

2. With the known equilibrium moisture contents of MUF, PRF, and PUR, the dry
weights of the adhesive layers were determined.

3. Using the dry mass of wood and dry mass of adhesive, the average moisture con-
tent over the whole bilayer domain could be determined. This is done for every
sample and measurement time by using its respective total mass.

Note that during the experiment in non-equilibrium conditions, it is not possible to
further differentiate this moisture content into wood moisture and adhesive moisture.

The flexion of the bilayers was determined from the acquired images of the
curved samples (ESM A, Fig.S1b). The images were converted to binary images and
a second order polynomial function y = ax? + bx + ¢ was fitted to the detected outer
edges of the samples. Curvature k was then determined within the interval 0 < x < L
with the sample length L to be:

_ J(x) '
[1+ G =

Numerical approach

When back-calculating curvature via the analytic approach by Timoshenko
(Timoshenko 1925) — originally formulated for thermostats, but also suitable
for standard thin wood bilayers (Gronquist et al. 2018; Riiggeberg and Burgert
2015) — using the determined mass loss due to evaporation of the excess moisture
from the adhesive, an up to three times larger curvature is predicted. Consequently,
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not all excess moisture introduced by the adhesive is driving curvature. Since shear
stress in the adhesive layers can only be transmitted in the solid state, the liquid-
solid phase transition (gelation) of the adhesive plays an important role. This phe-
nomenon cannot be considered in a simple analytical approach, calling for hygro-
mechanical modelling with FEM. In the following work, this is implemented by a
coupled thermal-mechanical analysis in Abaqus FEA.

Since the predictive quality with a simple nonlinear hygro-elastic material
model was proven to be almost as good as with a full rheological model (Gronquist
et al. 2018, 2019), the hygro-elastic model was chosen. As no large differences to
the experimental data were observed, the moisture-dependent components of the
compliance tensor of spruce (cubic dependence), beech (linear dependence), PRF
(cubic dependence), and MUF (cubic dependence) are taken from Hassani et al.
(2015, 2016) (Tables S3 and S4, ESM C), along with the moisture-dependent dif-
fusion coefficients (Tables S5 and S6, ESM C). Moisture transport is modeled by
Fick’s second law for moisture diffusion. The swelling coefficients are considered as
constant and taken from Hassani et al. (2015) (Table S7, ESM C). Because tangen-
tial data were required and the literature values are considered to be more accurate,
the experimentally obtained swelling coefficients were used as a plausibility con-
trol. The model consists of three layers; the active and passive layer with respective
anatomic orientation of the orthotropic material coordinate system, as well as an
adhesive layer of 0.1 mm thickness. The mesh of all layers consists of quadratic
coupled temperature-displacement hexahedral elements with reduced integration, as
shown in the quarter model in Fig. 1. In gravimetric measurements of the water loss
of the MUF and PRF bilayer samples in 65%/20 °C climate, a mass loss (+ stand-
ard deviation) of 0.4416 + 0.0134 g/g\,r and 0.2947 + 0.0499 g/gpry for beech and
0.4585 + 0.0175 g/gyyr and 0.3488 + 0.0071 g/gpgy for spruce was determined over
a total time period of 1 year. With this, the total mass of diffusive water induced by
the adhesive is determined, assuming that the active and passive layer were in mois-
ture equilibrium with respect to the ambient climate. The initial water content of the
adhesive @, iy;; is calculated as

Myoss
Wadh,init = Padhequib ¥ ———— > (3)
adn, adh,
Padh fem ° Vadh,fem
where @, gp cquip 18 the equilibrium moisture content at 65%/20 °C climate, m, is the

total mass loss after equilibrating in this climate, p gy, re, is the dry density of the
adhesive in the FEM model and V4, ., is the corresponding volume. For verifica-
tion, the equilibrium moisture content developing over the whole bilayer without
moisture transport to the environment was simulated. It matches the values expected
from the experimental mass balances. More information on this verification can be
found in ESM B. The entire gluing procedure is simulated as a four step procedure
to cope with changing boundary conditions, namely:

Step 1: Constraining bending inside the press, applied as a symmetry boundary

condition in y-direction (see Fig. 1) on the upper and lower outer face of the
bilayer. The adhesive is in liquid state with its initial moisture content. The con-
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tact between the wood strips and the adhesive is frictionless. Moisture transport
from the adhesive layer into contacting wood layers is limited by a film coefficient
B and no transport across system boundaries is occurring. Note that the step is
limited by the gelation time 7, of the adhesive that is more than its open time and
will be identified inversely in the following.

Step 2: After gelation, the adhesive is kinematically tied to the wood layers, while
the compression and moisture boundary conditions remain like in step 1, until
the full press time of the adhesive is reached.

Step 3: The compressive stress is removed and the system elastically equilibrates
without exchange of moisture with the environment.

Step 4: Moisture transport across the outer system boundaries is added by defining
the moisture content at the outer surfaces to their equilibrium moisture content at
65%/20 °C climate (taken from Table S2 for the wood and Wimmer et al. (2013)
for the adhesive). In a transient simulation, the moisture transport across the
boundary is simulated until reaching moisture equilibrium for the whole bilayer
domain.

The approach is based on the idealizing assumptions that gelation is an instantaneous
process and that the moisture release of the adhesive, originating from solvent and
the water condensate from the polycondensation reaction, is controlled by a constant
film coefficient and evolving moisture gradients. The film coefficient § describes the
speed of moisture transport normal to the wood adhesive interface. It controls how
fast moisture is exchanged between the adhesive and the wood. The gelation time 7,
is the time after sample preparation when the phase change of the adhesive from lig-
uid to solid state is assumed. In liquid state, the adhesive is assumed to act as lubri-
cant and no tangential forces can be transferred from the adhesive to the wooden lay-
ers. In solid state, the tangential bonding changes to a rough formulation. Therefore,
while f describes how fast the active and passive layer are swelling, 7, defines the
point in time when the residual swelling strains get “frozen” with respect to each
other. This is the result of the tight interface connection provided by the hardening
of the adhesive.

The assumption of a discrete time of hardening 7, is a strong simplification.
As suggested in Zhu and Zhou (2010), the residual stresses in adhesively bonded
wood strongly depend on the assumed friction coefficient of the adhesive bondline.
Naturally, the friction coefficient evolves over time and is also pressure-dependent.
In addition, the adhesive behaves like a thixotropic Bingham fluid. By defining the
discrete time 7y, where full-slip transitions to no-slip, such complex behavior gets
smeared to one simple mechanism. Hereby, it becomes feasible for a simulation
model by using only one parameter.

Both parameters f§ and 7, have to be determined inversely by an optimization
procedure that minimizes the offset between predicted and measured curvature at
the end of steps 3 and 4. Experimental data for step 4 is collected from the sam-
ples equilibrated to 65%/20 °C climate for 1 year. For solving the minimization prob-
lem, the MATLAB® surrogate model toolbox MATSuMoTo (Mueller 2014) is used
with the parameters depicted in Table 2. The offset of this minimization problem is
characterized as the relative 2-norm of the difference between the vector containing
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Table 2 Input parameters of MATSuMoTo (Mueller 2014) to fit the film coefficient § and gelation time
t,1 Of the FEM model to the experimentally observed data

Setting Property

Domain bounds hardening time (MUF/PRF) [h] [0.1, 4.41/[0.1, 3.9]

Domain bounds film coefficient (MUF/PRF) [0.001, 0.1]/[0.001, 0.1]

[mm?/h-1072]
Surrogate model Reduced cubic regression polynomial
Sampling technique Randomized sampling with local perturbation

around the best solution, with additional points
uniformly distributed along the input domain

Initial experimental design Latin hypercube sampling

the predicted mean curvatures k., after step 3 and 4 and the corresponding experi-
mental mean Curvatures Ky, as ||Keem — Kexplla/ || Kexpll2- The simulations allow the
determination of the residual stress distributions in the bilayer and adhesive bond-
line in particular.

The fitted film coefficients § and gelation times 7, are used in a subsequent simu-
lation to calculate the residual stresses induced by adhesive moisture during the glu-
ing process of a CLT plate. For comparability, the same plate geometry as in Hassani
et al. (2016) is used. The plate’s surface area is 100 mm X 100 mm with a thickness
parameter d = 30 mm, as shown in Fig. 3. An increased thickness will result in
restrained bending and therefore residual stresses in the cross section while gluing.
In the simulation, an eighth of the plate is simulated by applying symmetry bound-
ary conditions along the plate’s three central symmetry planes. Please note that in
comparison to the bilayer simulation the symmetry plane along the thickness of the

d/2

dr2

Fig. 3 Geometry, anatomical direction (in Cartesian coordinates), and mesh of the cross-laminated tim-
ber simulations with the thickness parameter d = 30 mm. The three visible faces are symmetry planes
normal to x, y, and z direction, respectively. The faces on the back side are no symmetry planes. Path 1
and 2 are paths along the adhesive interface
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board (bottom plane in Fig. 3) got introduced. This changed the model from a simu-
lation of two layers of wood with one adhesive layer to a simulation of three layers
of wood with two adhesive layers. Besides, all other parameters of the model are the
same as in the bilayer simulations, including the steps of the gluing procedure.

Results and discussion

The experimental outcome, being the input for the subsequent parameter identifi-
cation, can be found in section “Bilayer flexion observations”. The curvatures and
mass loss over time are documented and used to describe the relation between cur-
vature and average bilayer moisture content. Following in section “Identification of
control parameters for bilayer flexion”, the inversely determined parameters 7, and
p based on this data are documented. These scale-independent parameters are used
in the subsequent CLT plate simulations, where the corresponding peeling and shear
stresses in the adhesive layer are described (section “Estimation of residual stress in
CLT”). Furthermore, to quantify the influence of the layer thickness d on the model,
the influence of the plate’s thickness on the total strain energy is investigated.

Bilayer flexion observations

Curvature at release from press: For the bilayers bonded with the water-based
adhesives MUF and PRF, negative curvatures of down to —0.58 m~! were observed
immediately after release from the press. In contrast, positive curvatures of up to
0.8 m~! were measured for PUR bonded bilayers (Fig. 4), being consistent to obser-
vations in Knorz et al. (2016). The initial negative curvatures, which indicate swell-
ing of the active layer, can be explained by the up-take of water into the wood lay-
ers out from the water-based polycondensates MUF and PRF. Contrary, the positive
curvatures of the PUR-bonded bilayers indicate a shrinking of the active layer and
thus a withdrawal of water from the wood layers. The cross-linking and hardening
of PUR is based on water uptake, but the amount of water needed for this reaction
is supposed to be too low to cause such a magnitude of curvature. This assump-
tion is supported by the very small decrease in curvature over time, indicating only
a minor re-swelling of the active layer throughout the observed experimental time
frame for the PUR-bonded bilayers. Consequently, the change of moisture content
at the adjacent wooden layers during hardening was small as well. The low change
of curvatures may indicate that PUR develops lower residual stresses due to pure
water uptake than MUF or PRF. However, it does not necessarily imply that PUR
will be the more advantageous adhesive, since the bonding strength depends mainly
on the wood-adhesive interaction and curvatures (following from stresses from other
sources) still developed in the PUR samples. Tests in Konnerth et al. (2016) show
furthermore lower glue joint strengths for PUR than for MUF or PRF.

Mass loss, moisture content change and curvature over time: After transfer-
ring the bilayers from the press back into the reference climate, immediate mass
losses were observed. After three days, these losses increased to up to —0.35 g for
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Fig.4 Evolution of mass loss and curvature for all configurations. a Mass loss spruce; b mass loss beech;
¢ curvature spruce; d curvature beech

the MUF and PRF samples. This is caused by the re-equilibration of the bilayers
to the reference climate (see Fig. 4), since an increased moisture was induced
into the system by the adhesive. The observed mass loss of MUF samples was
more than twice as high as for PRF bilayers. This can be explained by the
amount of MUF being used for bonding, which was, following the suggestions
of the suppliers in Table 1, approximately twice as high as PRF. Subsequently,
MUF introduced significantly more water into the bilayer. Corresponding to the
mass loss and reduction in water content, curvature evolved over time during re-
equilibration, switching from negative to positive curvature (Fig. 4). In accord-
ance with the weight measurements, the curvatures of the MUF bonded bilayers
were also nearly twice as high as for PRF. The change of curvature for beech
was less than that for spruce, as the same amount of weight loss, i.e., water loss,
leads to a lower shift in moisture content due to a higher wood density. A very
slight increase in mass and change of curvature was observed for the PUR bilay-
ers, which shows that the bilayers were close to equilibrium conditions during
the entire measurement period. The PUR samples may serve as control measure-
ments for climatic conditions over time. The moisture equilibration is driven by
diffusion and was almost completed for the thin wood layers of the MUF and PRF
bonded bilayers within 72 hours after release from press (Fig. 4).

Curvature and weight measurements after 1 year of storage under identical cli-
matic conditions (65%/20 °C) revealed hardly any shift in weight for the PUR-bilay-
ers, legitimating the samples as reference samples for equilibrated moisture contents
of wood and adhesives. In contrast, the MUF and PRF bonded bilayers revealed a
further mass loss, i.e., water loss. This shows that an extended time frame larger
than 72 h is required for full equilibration. Therefore, the measurements after 1 year
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are taken as reference measurements for calculating the moisture content of the
bilayers (Fig. 5).

In a subsequent step after 1 year, the bilayers were successively equilibrated to
85%, 95%, 85%, and 65% RH. Their respective moisture contents and curvatures
were analyzed, with the resulting relationship being shown in Fig. 5. All configura-
tions of the first set of measurements in the non-equilibrated state are compared to
the second set in equilibrated state, 1 year later. Naturally, the range of moisture con-
tents is different for the respective bilayer configurations. Differences in the behavior
between the first and the second set become readily visible when comparing the spe-
cific curvature changes, visible as slope of the individual data series.

Identification of control parameters for bilayer flexion

To determine the stress-driving gelation parameters, the experimental curvatures
and moisture contents directly after pressing and after 1 year are used. The data
are limited to MUF and PREF, since the curvature changes of PUR are too small to
lead to trustworthy results. The fitted gelation times 7, and film coefficients f of the
bilayer models are documented in Table 3. It can be observed that for both beech
and spruce, Tgel for PRF is smaller than for MUF. This matches the manufacturer’s
data in Table 1, where PRF has a lower curing time than MUF. In consistency to
Rindler et al. (2019), the curvature of MUF bilayers after step 4 is higher than for

(a) Spruce (b) Beech
2} 2t 1
1t 1f 1
5 |
-0 0
o
=]
©
-1t -1r 1
3
[s) \\.‘
5 BT MUF W % 5
-2 _FT PRF AR 2+ 1
_H PUR %%
__EFTMUF-R
3/ __H¥PRF-R 3l |
_EFTPUR-R
0 2 4 6 8 10 0 2 4 6 8 10
moisture content [%)] moisture content [%]

Fig.5 Curvature versus homogenized moisture content from mass balances (Eq. 1) for all configurations.
Hereby, data in moisture content are shifted for better comparability: 0% moisture content is assigned to
the measured equilibrated moisture content at 65%/20 °C climate. The suffix -R indicates data from the
reference measurements of the samples after 1 year. Whereas in the original measurements moisture was
still diffusing inside the bilayers, the samples at the reference measurements were subsequently equili-
brated to 85%/95%/85%/65% RH at 20°C. a Spruce; b beech
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Table 3 Inversely determined film coefficient § and gelation time #,, and the corresponding curvatures
and maximal stresses of the bilayer

Beech Spruce
MUF PRF MUF PRF
Gelation time 7, [h] 0.82 0.26 1.52 0.95
Film coeff. # [mm?/h - 1072] 1.23-1072 3.25-1072 8.43-1073 1.19- 1072
Experimental curvature after step ~ —0.437 -0.359 —0.424 —0.431
3 Kexp,3 [1/m]
FEM curvature after step —0.442 —0.358 —0.393 —0.449
3 Kpep 3 [1/m]
Experimental curvature after step ~ 1.288 0.378 2.086 0.910
4 Kexp 4 [1/m]
FEM curvature after step 4 Ky 4 1.271 0.381 2.083 0.910
[1/m]
Relative 2-norm [-] 0.013 0.006 0.015 0.017
Max. shear stress [MPa] 6.129 2.400 4.757 1.205
Max. peeling stress [MPa] 5.387 1.667 6.357 1.184

The relative 2-norm is the 2-norm of the relative difference between experimental and FEM curvature

PRF bilayers, as MUF induces more water into the system, leading to larger hygro-
expansion during hardening.

While comparing the different wood types, it is noticeable that 7, for beech is
remarkably lower than for spruce and simultaneously f is higher. The higher value
for the film coefficient, representing a higher moisture conductance, can be explained
by looking into the wood’s cell structure. As it can be observed in SEM and p-CT
scans in Hass et al. (2012), the moisture transport in softwood is dominated by cell
wall transport, whereas for hardwood it is dominated by transport through the ves-
sel network. The deep interconnection of the vessels and their generally more effi-
cient water transmission lead to a higher moisture conductance. Simultaneously, it
raises the risk that water and low molecular fractions might be quickly transported
away from the adhesive, reducing the gelation time further. For spruce, the exclusive
transport through the cell walls results in a low water transmission (Siau 1984; Hunt
et al. 2019). Additionally, the finer anatomical structure leads to a low contact area
of the adhesive to the wood (Konnerth et al. 2008; Gindl et al. 2004). This is unlike
beech, where the adhesive strongly penetrates the vessel network before its viscosity
increases, leading to a large contact area to the vessel’s walls (Mendoza et al. 2012;
Hass et al. 2012). Larger contact area and faster water transmission are considered to
be the main reasons for beech’s lower gelation time 7, and higher film coefficient S.

Describing the hardening behavior of the adhesive by a discrete gelation time
lee) 18 @ simplification that smears the wood-adhesive interaction during hardening.
Alternatively to this approach, the friction coefficient in the adhesive bondline could
be formulated as a function of time. However, as more unknown parameters and an
arbitrary function shape would be involved, the scientific basis of the parameter fit
by the surrogate model would rather be of mathematical than physical nature. There-
fore, this approach was not favored. A global minimum of the minimization formula
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of the surrogate model over its whole domain allowed a unique determination of the
gelation time and film coefficient.

Note that the hereby applied bilayer model has limitations for long-term studies.
The model does neither contain viscoelasticity nor mechanosorption or plasticity.
Therefore, no relaxation in the samples is considered. Furthermore, the expansion
coefficients are considered to be constant over the whole moisture domain up to
fiber saturation. The water intake or outtake from the adhesive implies that wooden
bilayers will never be plane if the initial wood moisture content equals the reference
moisture, what proved to be a challenge in the production of weather-dependent
self-actuating building parts in Wood et al. (2018). Calculating the required initial
moisture contents for creating plane bilayers becomes possible by the hereby intro-
duced parameters.

Estimation of residual stress in CLT

A practical application of the bilayer’s gelation parameters is the determination of
moisture-induced residual stresses in CLT plates. This is possible because of the
scale independence of 7, and f. It follows the core ideas that hardening is controlled
by the adhesive and moisture transport is controlled by the wooden material. Fig-
ure 6 and Table 4 document the peeling and shear stresses inside the adhesive layer,
resulting from the FEM simulations, along the paths 1 and 2 (Fig. 3).

In general, it can be observed that the peeling stress in step 3 tends to be the
dominant stress component. This is caused by a moisture gradient still being present
in the wooden layers after pressing, which aspires the outer layer to bend such that
it would open a gap at the outer edges of the adhesive layer. Since beech develops
a stronger distributed moisture change and faster water uptake, the peeling stress is
more pronounced here. In step 4, the shear stresses are large, because of the swell-
ing differences that were present between the active and the passive layer in L and
R direction when the adhesive hardened. When the water content of wood changes
back during equilibration and back-transformation to its initial shape, the different
swelling potential between the wooden layers gets activated. At the same time, with
moisture gradients not being present in the wood anymore, the bending potential of
the wood gets reduced, decreasing the peeling stress. When comparing the shear
stresses between step 3 and step 4, the absolute shear in step 3 is generally smaller
and the respective shear in step 4 and signs are inverted.

Regarding the influence of the material, it can be observed that MUF leads to
stronger delamination stresses than PRF. This is due to the much higher moisture
content introduced by MUF. Simultaneously, stresses for beech are higher than for
spruce. Reasons are the higher stiffness, slightly higher swelling and fast transport
that leads to a distribution of the moisture gradient over a larger cross-sectional
area and a higher water uptake in general. This subsequently increases the residual
stresses at step 4 as well. It is remarkable that beech already develops strong shear
stresses at step 3. This can be explained by the low gelation time 7, of beech, as
seen in Table 3. The amount of shear depends on the difference of moisture content
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Fig.6 Peeling stress o, and shear stresses o,, and o, inside the adhesive layer of a CLT plate simulation
with d = 30 mm. The curves are taken along the paths 1 and 2, shown in Fig. 3, with the coordinates
0.0 mm being at the center and 50.0 mm being at the respective outer edge of the plate. They document
the stresses after removing the sample from the press (step 3) and after re-equilibrating to 65%/20°C
climate (step 4)

Table 4 Maximum absolute

peeling stresses o, and shear Wood/adhesive o, [MPa] o,,,[MPa] o, ,[MPa] o, ,[MPa]

stresses 0,,; and 6, ; inside Step 3

the adhesive layer of the CLT S MUF 297 .09 0.58 0.54

simulation, taken from the paths pruce : : e .

i=1,2, as shown in Flg 6 Spruce/PRF 1.16 1.26 —-0.46 0.43
Beech/MUF 5.71 5.81 -2.32 2.28
Beech/PRF 2.85 2.97 -1.52 1.49
Step 4
Spruce/MUF 5.39 4.83 2.76 —2.63
Spruce/PRF 241 2.19 1.39 —-1.32
Beech/MUF 4.93 4.44 5.29 -5.16
Beech/PRF 2.14 2.00 2.57 —-2.53

and water penetration at the moment of hardening in relation to the moisture content
at the end of step 3, that is consequently bigger the smaller 7.

The observations are consistent to delamination resistance tests conducted for
different wood and adhesive types in Konnerth et al. (2016). Here, PRF shows a
better performance than MUF and spruce a better performance than beech. This
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can partly be explained with the lower amount of residual stresses in the adhesive
bondline of the hereby performed FEM simulations.

To quantify the stresses and strains introduced into the whole domain of the CLT
system, the total recoverable strain energy U of the entire model (ALLSE in Abaqus)
after step 3 and step 4 is documented in Fig. 7. To know the influence of the wood’s
layer thickness d on the total stress/strain potential, a parametric study with increas-
ing d is evaluated here. The absolute induced moisture, being the only stress-driv-
ing parameter during hardening, is for all d the same, as the properties of the adhe-
sive layer are the same. U quantifies the work done over the whole plate volume by
the introduction of this moisture. For comparability, the thicknesses are chosen in
accordance with the CLT plate studies in Hassani et al. (2016).

It can be seen in step 3 (Fig. 7a) that U is much larger in comparison to step
4 (Fig. 7b). It is assumed that U in Fig. 7a is strongly influenced by the moisture
content that is still present in the CLT sample directly after pressing. Here, a larger
d acts like a constraint that prevents bending and deformation of the plate. Since it
induces more moisture into the wood, MUF leads again to larger total strain ener-
gies. Once the cross section reaches a certain thickness, the moisture gradient can
fully develop without penetrating the whole wood layer. From this thickness onward,
the increase of U over d is reduced, as it can be seen in Fig. 7a for d = 20 mm to
d = 30 mm. Since PRF introduces much less moisture into the system, the full mois-
ture gradient develops for lower d and a nearly constant and smaller U is already
reached at d = 10 mm. In this system, in can be observed that a higher moisture
transport in the wood leads to a higher total strain energy U.

When evaluating U after step 4 (Fig. 7b), converse observations can be taken.
The most important difference is that with increasing d, the significantly lower strain
energy U decreases. Since larger d led to a distribution of the moisture over a larger
wood volume, the local water content nearby the adhesive layer during curing was
smaller, leading to smaller residual stresses after re-equilibrating. Again, MUF
leads to higher residual stresses than PRF. Contrary to step 3, however, the residual
stresses are higher for spruce than for beech, respectively. To explain this, the whole
moisture input into the wood needs to be interpreted in relation to the dry wood
mass. Since spruce has a much lower dry density than beech and the very same mass

(@) (b)
300 . 701 5 —— beech/MUF

E 250 g60; o beech/PRF
) S 5o A - spruce/MUF
§ 200 —— beech/MUF 5 spruce/PRF
e S beech/PRF o 40
[ [J]
c 150 ---- spruce/MUF < 301
© spruce/PRF ©
7 100 e | B 204
(_3 ------- e E
S 50 ° 10

ol 01

5 10 15 20 25 30 5 10 15 20 25 30
Thickness parameter d [mm] Thickness parameter d [mm]

Fig.7 Total strain energies of the CLT simulations of all wood/adhesive configurations a directly after
pressure release (step 3) and b at equilibrium climate (step 4) with respect to the thickness parameter d
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of moisture gets introduced, spruce’s increase in moisture content is larger. The local
swelling differences between active and passive layer nearby the adhesive layer were
sufficient to result in higher total strain energies U after re-equilibrating.

With this practical example, the usefulness of the parameters 7, and f for estimat-
ing residual stresses in larger structures is shown. Whereas moisture change cycles
of 20% moisture content for beech CLT plates in Hassani et al. (2016) introduced
peeling stresses of 20 MPa (MUF) and 25 MPa (PRF) and shear stresses of 30 MPa
(MUF and PRF), these stresses would need to be superposed by 4.9 MPa (MUF)
and 2.1 MPa (PRF) residual peeling stresses and 5.3 MPa (MUF) and 2.6 MPa (PRF)
residual shear stresses, respectively, at the plate’s outer edges. This would be an
increase of up to 24.5% stress at its maximum for beech/MUF that would not be
respected. In Stapf (2013), shear strengths for MUF, PRF and PUR ranging from
12.7MPa to 14.1 MPa were determined, indicating that the residual stresses can
utilize a significant portion of the total strength. The residual stresses are an upper
bound because the model in the present paper is limited to ideal hygro-elasticity
without time-dependent influences like relaxation.

Conclusion

With a combined experimental-numerical approach, it has been possible to quantify the
residual stresses introduced by adhesive bonding of wood. This has been made possible
by using wood bilayers as reporter systems that show pronounced curvature development
during moisture change. Measurement of the curvatures allowed a determination of the
parameters describing the wood-adhesive interaction during hardening, making the back-
calculation of residual stresses possible in a subsequent step. The residual stresses leading
to the observed curvature are the result of the chemical composition and reaction kinet-
ics of cross-linking of the adhesive on the one hand and moisture transport phenomena
and dimensional changes of the wood on the other hand. Consistently, the largest stresses
could be identified for MUF, which releases the largest amount of water followed by PRF.
As PUR rather takes up moisture for cross-linking, inverted behavior was observed, but at
much lower level. The calculated stresses in the bilayers are geometry-specific. However,
the identified controlling parameters 7, and § solely depend on the adhesive system and
wood species. Therefore, they can be applied to calculate residual stresses of adhesively
bonded timber element systems at any scale. This is a major step forward compared to
residual stress calculations in bonded components based on deformation measurements
(Scheffler et al. 2007; Hassani et al. 2016; Hansel et al. 2021). In corresponding simula-
tions of CLT plates, significant residual stresses nearby the outer edges of the plates were
identified, with MUF leading to higher residual stresses than PRF and beech having higher
moisture gradients during gluing (and therefore higher internal stresses) than spruce. These
stresses represent upper limits since effects like plasticity and relaxation are not included in
the current model. They will potentially allow to be less conservative than present technical
assessment standards.
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