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The performance of adhesive-bonded timber-concrete-composites (TCC) can be enhanced by using beech wood
and polymer concrete (PC). In this work, two different PCs with an epoxy- and a polyurethane (PUR)-based
matrix were investigated for application in TCCs. The mechanical performances were tested in dry and wet state
by small-scale shear tests and flexural tests. Epoxy-PC showed high bond strength to beech with a shear strength
of 16.7 + 3.0 MPa compared to 3.2 + 1.7 MPa observed with PUR-PC. Characterization of the swelling strain
with digital image correlation (DIC) showed superior water stability of the epoxy-PC compared to PUR-PC. The

results indicate that PCs, especially epoxy-PC, could be viable replacements for cement-based concrete in TCCs.

1. Introduction

Timber-concrete composites (TCCs) have been successfully intro-
duced in the construction of bridges or medium to long-span floor sys-
tems [1]. While mostly mechanical connectors (nails, screws, etc.) or
notches have been used to achieve the required shear stress transfer
between the concrete and the timber layers, more recently, there is an
increasing interest in replacing mechanical connectors with adhesively-
bonded structures [2-15]. An advantage of using adhesive as a
connector is a stiff connection with homogeneously distributed shear
transfer across the layers. This allows to fully exploit the composite
action of both, the concrete in the compression zone and the timber in
the tension zone.

Previous research showed that in adhesive-bonded TCC with ordi-
nary Portland cement (OPC), besides bending failure in the timber
[12,14,16], compression failure in the concrete is an often-observed
failure mode [11,17,18]. To overcome the strength limits of OPC used
in TCC and to increase the strength of the TCC by avoiding concrete
failure, polymer concretes (PC) pose a promising alternative to the
commonly used OPC-based concretes. PCs are water-free systems, where
the cement hydrate binders of conventional concrete are fully replaced

by thermoplastic polymer binders or liquid resins, and the aggregates of
the filler material are strongly bound to each other by the polymeric
binders [19,20]. Depending on the selected resin matrix, PCs exhibit
significantly higher compression, tensile and shear strengths compared
to OPC-based steel-reinforced concrete and the strong self-adhesion of
the PC to wood makes the application of additional adhesive unnec-
essary [9]. Successful applications of PCs in TCC have been shown by
Erler [21] as well as Schober [9] by using PC in the compression zone.
While Schober only tested epoxy-based concretes, Erler [21] addition-
ally tested a polyester-based matrix. Shear tests showed that the adhe-
sion and bulk strength of the PC to spruce wood exceeded the strength of
spruce in most cases, resulting mainly in wood failure with neglectable
concrete failure [9,21].

To further exploit the enhanced load-bearing capacity by the utili-
zation of PC, an alternative approach is to apply beech wood in the
tension zone of the TCC, rather than the conventionally used spruce.

Clear beech wood possesses on average superior mechanical prop-
erties (e.g. stiffness and strength) than spruce and is abundantly avail-
able in European forests [22,23]. However, one well-known challenge of
beech in timber engineering is its hygrothermal behaviour. Beech can
exhibit high moisture-induced swelling over its whole hygroscopic
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range [23]. This low dimensional stability poses a severe challenge for
adhesive bonding between beech and the dimensionally very stable PC.
The mismatch in the dimensional stability of the two materials may
impose high stresses on the bondline upon changing moisture condi-
tions, resulting in accumulated damage and eventually leading to the
failure of the bondline. Application of adhesion primers as a pre-
treatment of the wood surface is a well-known technology to improve
the moisture resistance of wood-to-wood bonding [24,25]. It has pre-
viously been shown, that adhesion primer may also be applied in TCCs
made from epoxy-adhesive bonded beech with OPC, leading to an
increased load-bearing capacity of the TCC in dry state [5,26]. Schober
[9] used a 2C-epoxy primer in a PC-based TCC, but did not test unprimed
samples for comparison. Moreover, the influence of an adhesion primer
on the moisture stability of the bondline has not yet been analysed for
TCCs with PC.

In this work, we investigated two different PCs with epoxy- and
polyurethane (PUR)- based matrixes for their applicability in TCC in
combination with beech wood. Physical and chemical interactions of the
resin with the wood surface were characterized by contact angle mea-
surements and differential scanning calorimetry. In order to investigate
the mechanical properties and the short-term moisture stability of the
TCC, the bond strength of the PC to beech wood was characterized on
small-scale TCC specimens in compression shear and flexural tests in dry
state and in wet state after exposure to moisture. In addition to the
native wood surface, we further explored the effect of a pre-treatment of
the beech surface with a commercially available adhesion primer on the
moisture stability of the bondline in the TCC. For an in-depth charac-
terization of the influence of moisture on the TCC, we employed digital
image correlation (DIC) to study the deformation behaviour of the TCC
during moisture-induced swelling of the wood. The in-situ monitoring of
the local deformation of the bondline and interfacial area revealed the
influence of the respective PC on the moisture stability and provides
relevant information for a further optimization of TCC produced with
PC.

2. Material & methods
2.1. Materials

2.1.1. Wood

European beech wood (Fagus sylvatica) of Swiss origin with a wood
moisture content of approx. 8 % was supplied by Fagus Suisse SA (Les
Breuleux, Switzerland) as glued-laminated-timber (GLT) [27] with a
strength class grading of GL40h. The GLT was made from rectangular
lamellae with a cross-sectional area of 40 x 40 mm?, bonded by a mel-
amine-urea—formaldehyde adhesive (MUF). The GLT was received with
a planed surface and used without additional treatment (e.g. planing or
sanding) of the surface before bonding.

2.1.2. Polymer concrete (PC)

Epoxy-PC: A commercially available 3-part polymer grout “Sika-
dur®-42 LE Plus” was used as epoxy-PC. The grout consists of an epoxy
resin with an amine-based hardener and mineral filler “Sikadur® 514".

PUR-PC: A 2C-PUR resin “SikaBiresin® F 50” with mineral filler
“Sikadur® 514 Plus” was used as PUR-PC. The resin contains an
isocyanate-based resin with a polyol-based hardener.

All components for the PC were produced by Sika Schweiz AG
(Ziirich, Switzerland). Quartz gravel (rounded grain shapes, grain size of
2.0-3.2 mm) from Amberger Kaolinwerke Eduard Kick GmbH & Co. KG.
(Hirschau, Germany) was used in the flexural test specimens. Wetting
and dispersing additive “BYK- 9076" was obtained from BYK-Chemie
GmbH (Wesel, Germany).

2.1.3. Primer
A water-based 2C epoxy primer (“Sika® Primer MR Fast™) produced
by Sika Schweiz AG (Ziirich, Switzerland) was used.
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2.2. Characterization of wood-PC interaction

2.2.1. Differential scanning calorimetry

For the measurement of the glass transition temperature Tg, samples
were taken either from the interface or the bulk of the same specimen.
Measurements were conducted in duplicate, with specimens sampled
from different manufacturing batches of the PCs. The glass transition
temperature was determined by Modulated Differential Scanning Calo-
rimetry (MDSC) using a DSC Q2000 (TA Instrument, USA) with Tzero®
aluminium pans. The PC was heated to 120 °C for 2 min immediately
before the measurement to erase the thermal history. A heating rate of
5 °C/min with a superimposed temperature modulation on the main
heating ramp (amplitude of 3.18 °C in a period of 60 s) was used. The
glass transition was analysed with the Universal Analysis 2000 (TA In-
struments) software through the inflexion point method based on the
change in the reversing heat flow signal [28].

2.2.2. Contact angle measurements

Contact angles were measured with the static sessile drop method on
an OCA 20 (Dataphysics Instruments) contact angle system. Droplets of
10 pl of freshly mixed resin were placed on the beech wood on the
longitudinal-radial (LR) surface. Images were recorded perpendicular to
the fibre direction and the contact angle was calculated by the provided
SCA 20 software. Care was taken that measurements took place within
5-10 min of mixing the resins to minimize changes in viscosity prior and
during the measurements. The primed samples were prepared as
described in chapter 2.2.2. 6 specimens were measured per
configuration.

2.3. Specimen preparation for mechanical characterization

2.3.1. Tensile test specimens of pure resin

Tensile test specimens of the resin used in the PC were made ac-
cording to DIN EN 527-3, with a dumb-bell shaped specimen (type 5)
[29]. The resins were prepared as used in the PC, without the addition of
filler material, with a weight ratio of resin to hardener of 3:1 and 2:1 for
the epoxy- and the PUR resin, respectively. The samples were cured for
at least 28 days at 20 °C/35 % RH before measurement.

2.3.2. Small TCC specimens for compression shear tests

Beech wood GLT was cut into specimens of defect-free beech wood
with the dimension of 50x40x30 mm® with 40 mm being the longitu-
dinal direction. Each specimen contained two beech wood lamellas with
random annual ring orientation. For primed specimens, the wood sur-
face was pre-treated 20-24 h before specimen preparation. The primer
(“MR Fast”) was prepared by mixing the resin and hardener (weight
ratio of 2:1). 150 g/m? primer was applied by brush to the wood surface
and left to cure at 20 °C/35 % RH. The PCs were prepared according to
the manufacturer’s recommendation, as listed in Table 1. In short, resin
and hardener were mixed with an overhead stirrer equipped with a
helical mortar mixer paddle. The mineral filler material was slowly
added and stirred until a homogenous mixture was obtained. The shear
test specimens were produced by placing the wood blocks in a mould,

Table 1
Mixture formulation of the PCs in parts (per weight) for the different test setups.
Epoxy PC PUR PC
Compression Flexural Compression Flexural
shear test test shear test test
Resin 3 3 2 1.8
Hardener 1 1 1 1
Filler 34 22.6 24 13.4
Quartz - 11.3 - 6.7
sand
Water - - - 0.006
BYK-9076 - - - 0.09
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with the 50x40 mm surface facing upwards. The freshly prepared PC was
then directly poured onto the wood surface, obtaining a final dimension
of the specimens of 50 x 40 x (30 + 30) mm?. The specimens were left
to cure at 20 °C/35 % RH for at least 28 days before measurement.

The moisture stability was tested by immersing the fully cured
samples in tap water at room temperature for 24 h. The samples were
tested in wet state immediately after removal from the water.

2.3.3. TCC specimens for four-point flexural tests

Defect-free beech beams with the dimensions of 1020x60x30 mm?>
were prepared and conditioned at 20 °C/35 % RH. Each beam contained
two lamellae with random annual ring orientation. For the flexural test
specimens, part of the PC filler material was replaced by quartz sand, in
a weight ratio of 2:1, as shown in Table 1. The epoxy-PC was prepared
the same way as described before. In terms of PUR-PC, the wetting and
dispersive agent “BYK-9076" (alkylammonium salt of a high molecular-
weight copolymer) and water were additionally added to improve the
flow property and to adjust the shrinking behaviour during curing,
respectively. Water was added as a foaming agent to reduce the cure
shrinkage of the PC. Water reacts with the isocyanate group of the resin
and converts it to an amine group under the release of CO;, The resin-to-
hardener ratio was adjusted to accommodate for the change in reactive
groups of the resin, as listed in Table 1. The freshly prepared PC was
poured directly on the beam surface to obtain a layer thickness of 15 mm
PC, adjusting a ratio of 2:1 for the timber to PC thickness as described in
[30]. The final specimen dimensions were 1020 x 60 x (30 + 15) mm?3,
The specimens were cured at 20 °C/35 % RH for at least 28 days before
testing. To test the moisture stability, the fully cured specimens were
placed in a humid climate (20 °C/95 % RH) for at least 50 days before
measurement.

2.4. Mechanical characterization

2.4.1. Tensile tests of pure resin

A Zwick/Roell Z010 Universal testing machine with a 10 kN load cell
was used. The testing speed was 1 mm/min, and the deformation was
measured using a clip-on extensometer. The elastic modulus was
calculated according to DIN EN ISO 527-1 [31] as the slope of the linear
regression in the stress—strain curve between 0.05 and 0.25 % strain. 5
specimens were measured per material and test conditions.

2.4.2. Compression shear tests of small TCC specimens

Compression shear strength was measured with a shear setup as
shown in Fig. 1A. The specimens were supported at the backside to avoid
tilting of the specimen, but minimal sideway movements were not
restricted. Shear tests were conducted on a Zwick/Roell Z100 with a 100
kN load cell and a speed of test of 1 mm/min. The shear area was 50x40
mm and the load was applied in the fibre direction. The number of tested
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specimens per configuration is reported in Chapter 3.3 and Table S1.

2.4.3. Four-point flexural tests on TCC specimens

The four-point flexural tests were conducted with a support span of
900 mm and a loading span of the test heads of 180 mm. The setup used
is shown in Fig. 1B. A Zwick/Roell Z100 universal testing machine with
a 100 kN load cell with a test speed of 5 mm/min was used, leading to
failure within 100-450 s. The mid-span displacement was measured
using a 2D-DIC-system (Q-400, Dante Dynamics) with software control
(Istra 4D, Dante Dynamics). The flexural stiffness was calculated ac-
cording to DIN EN 52186 [32] from the measured force-displacement
curve between 10 and 40 % of the maximal force. Three specimens were
tested per TCC configuration. In addition to the TCCs beams, pure beech
wood GLT beams with beam heights of 30 and 60 mm were measured.
For beams with 30 mm, only the elastic modulus was determined,
whereas eight specimens of the 60 mm beams were tested until failure.

The governing strengths of the subcomponents of the dry specimen
were calculated using the y-method as described in Eurocode 5, ap-
pendix B [33]. With a fully rigid connection of the TCC, the y-factors can
be assumed as y; = y2 = 1 [18,30]. The elastic modulus of the timber
subcomponent was approximated as a constant value with 14.6 GPa and
the material properties of the concrete were used according to Table 2.

Table 2
Mechanical properties of the used PCs and their pure resins.
Compression Tension
Strength Elastic Strength Elastic
[MPa] modulus [MPa] modulus
[GPa] [GPa]
Epoxy-PC 119.9 £ 0.5 30.5 + 3.0” - -
a)
Resin only © - - 50.8 + 3.3+02
3.7
Resin only- wet - - 39.7 + 2.7+0.6
) 5.3
PUR-PC 97.4+£21%  28.0+1.2" - -
Resin only © - - 349 + 29402
1.7
Resin only- wet - - 30.0 + 25+0.2
R 1.7

a) Measured on cylinder test specimen (n = 3) by [30], according to SN EN 206.
b) Measured on cylinder test specimen (n = 3) by [30], according to SN EN
12390-13.

c) Formulation of the resin used in the compression shear tests. Measured ac-
cording to DIN EN ISO 527 [31].

d) After immersion in cold water for 14 days.

Fig. 1. Test setup for mechanical tests. A) Compression shear test, B) Four-point flexural test.
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2.5. In-situ characterisation of the swelling strain with digital image
correlation (DIC)

Millimeter-scale specimens were used for the in-situ characterisation
of the swelling strain to achieve fast swelling and thus, to reduce the
chance of mold growth during the measurement. Beechwood blocks
with dimensions of approx. 25 x 30 x 10 mm? (T x R x L) were pre-
pared and conditioned at 20 °C/35 % RH.

The PC was prepared as described in chapter 2.3.2 for the
compression shear test specimens. The freshly prepared PC was poured
on the longitudinal-tangential section of the woods, with at least 6
specimens per configuration. A black/white speckle pattern made with
water-soluble acrylic resin was applied by a reagent sprayer on the
sanded surface of the specimen. The speckles had a median area size of 6
pixels and an interquartile range (IQR) of 23 pixels. The specimens were
conditioned at 20 °C/35 % RH and subsequently placed in a box
modified with a see-through Plexiglas window equipped with a sample
stand and a fan to ensure air circulation. The bottom of the box was filled
with water to create a humid atmosphere (~90-95 % RH). Greyscale
images with 6016 x 4000 pixels were taken of the sample with a K-3 II
reflex camera (Pentax) equipped with an SP AF 90 mm F/2.8 Di Macro-
Objective (Tamron). The pixel resolution was between 8.7 and 12.0 pm/
px and was measured for each image by comparing specific landmarks in
the recorded image (e.g. quartz grains) with images taken on a micro-
scope (Olympus BX51) with calibrated magnification. The mean repro-
jection error of the images was 0.4 pixels, determined with the Matlab
Single Camera Calibrator App [34].

The obtained images were post-processed with ImageJ [35]. The
contrast of the speckle pattern was improved by histogram equalization
to accommodate for different lighting conditions during the measure-
ments [36]. If necessary, images were rotated to align the bondline
horizontally in the image to ensure the subsequently calculated strains
were oriented correctly regarding the bondline. Strains were calculated
with the open-source DIC software “ncorr v1.2” [37] run on Matlab
(R2020b, TheMathWorks, Inc., USA). The subset radius for DIC was
chosen between 10 and 20 pixels and optimized for each image series.
The strain radius was set as 5 pixels. The obtained 2D-strain matrix was
exported as a false colour map for visualization. A subset of the obtained
2D-strain matrix was selected, where obvious defects (cracks in the
wood, border effects, etc.) were excluded. This subset was then further
reduced to a strain vector by averaging the strain row-wise and plotting
the average strain and standard deviation thereof to obtain a 1D-strain
curve as a function of the distance to the bondline.
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3. Results & discussion
3.1. Wood-PC interaction

The interaction of the PC with the wood surface must be considered
for the application of the PC in TCCs. An important property of adhesives
is a good wetting of the wood surface by the resin, as it results in a high
contact area between the wood and the resin and thus allows for a good
stress transfer across the interface [38,39]. As seen in Fig. 2A, both resins
(without the addition of filler) showed good wetting of the beech wood
surface with a low contact angle in the range of 20°, independently of
the application of an adhesion primer. The contact angles are in the
same range as found for other widely applied wood adhesives [40].

The curing behaviour of the resin may be influenced by extractives or
water from the wood [38]. Especially PUR-resins containing isocyanate
groups are well known to react with moisture from the wood [41,42]. To
investigate the potential influence of the wood surface on the curing of
the resins, glass transition temperatures Ty of resins taken from the
wood-PC interface and the bulk of the PC were compared (Fig. 2B). In
order to ensure no effect of minor variations in the mixing ratio of the
components, the samples were taken from specimens produced in the
same batch of PC. An influence of the wood on the curing of the resin can
be seen by the spatial dependence of the Ty in the PUR-PC. As deter-
mined by differential scanning calorimetry (DSC), the T, of the PUR-PC
is about 14.6 °C lower at the interface than in the bulk, whereas no such
difference in Ty was observed with the epoxy-PC. Moisture from the
wood reacts with the isocyanate of the PUR-PC and the resulting change
in crosslink density may affect the physical properties of the cured PC
[42]. It has to be noted, that this observation is only valid under the
assumption that no demixing of the individual components of the PC
occurs during the curing. However, demixing is not expected to be
responsible for the spatial dependence of the Ty, since the application of
an adhesion primer, producing a diffusion barrier for water vapour,
showed a lower difference (5.6 °C) of the Ty between the interface and
bulk in the PUR-PC, as shown in Fig. 2B, thus indicating a protective
effect of the adhesion primer against surface moisture.

3.2. Mechanical properties of the PC

Table 2 shows the mechanical properties of the investigated PCs and
their resins. The epoxy-PC has a compression strength and elastic
modulus comparable to ultra-high performance concrete (UHPC) [3]
and about 2-3 times higher than OPC (e.g. C25/30, C30/37 [10,11]).
The PUR-PC has about 20 % lower compression strength and 8 % lower
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Fig. 2. Characterization of the resins used in the PC and their interaction with wood. A) Contact angle of the epoxy- and PUR-resins used in the formulation of the PC.
B) DSC heat flow curves (exotherm up) with glass transition temperature Tg of the cured PUR-PC (top) and epoxy-PC (bottom).
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elastic modulus than the epoxy-PC.

While the mineral fillers play an important role in compression, the
resin plays a key part in tensile strength. Comparison of the unfilled,
cured resin shows that the epoxy resin has approx. 30 % higher tensile
strength and 12 % higher elastic modulus than the PUR resin.

Water influences the mechanical properties of the resins, as tested by
immersion in tap water at room temperature for 14 days. The ultimate
tensile strength of the resins is reduced by approx. 20 % (22 % and 18 %
for the epoxy- and the PUR-resin, respectively) and the stiffness of both
resins is about 14 % lower than in dry state.

3.3. Shear strength and moisture resistance of small TCC

3.3.1. Shear performance of the bondline

An important characteristic of glued TCCs is the resulting adhesion
strength between concrete and wood since an adequate shear strength is
necessary to allow the stress transfer between the concrete and wood
layers. The compression shear strengths of PC bonded to beech are
shown in Fig. 3. TCC produced with epoxy-PC showed a high average
shear strength of around 16.7 + 3.0 MPa, with maximal values of up to
24.4 MPa. The bond strength exceeded the shear strength of the beech,
resulting in a high proportion of wood failure (Fig. 4). Pre-treatment of
the wood surface with an adhesion primer had no significant influence
on the shear strength in dry state. In comparison, epoxy-PC with spruce,
as tested by Schober [9], resulted in shear strengths of 6.16 MPa with
wood failure in all the specimens. TCC produced with PUR-PC on the
other hand showed lower shear strengths of 3.2 + 1.7 MPa, which can be
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moderately increased to 5.2 + 2.3 MPa through the application of an
adhesion primer. Failure in the PUR-PC occurs mostly as near interface
cohesion failure (c.f. Fig. 4C). The failure mostly didn’t occur through
the bulk of the concrete, but rather through the boundary layer between
the bondline and the concrete bulk with a film of resin remaining on the
wood surface. Such near interface cohesion failure shows that the resin
has an adequate adhesion strength to the beech wood and that the shear
strength is determined by the cohesion strength of the PUR- matrix near
the interface.

3.3.2. Influence of moisture

Moisture stability of TCC with glued interfaces has been recognized
as a potential disadvantage of such systems, as the stiff connection of the
two dissimilar materials may lead to high stresses at the interface due to
moisture-induced swelling of the wood [2,10]. This effect is especially
pronounced when using beech wood due to its low dimensional stability.
There are no standard procedures to test the moisture stability of TCC,
yet. However, to investigate the influence of moisture on the bond
strength, we adapted a simplified water immersion test similar to
treatment A2 of DIN EN 302-1. The immersion time of the samples in
water was reduced to 24 h and the samples were tested in wet condi-
tions. The sample geometry with its two different annual ring orienta-
tions led to a complex deformation behaviour of the wood part upon
swelling, thus resulting in a mixture of shear and tensile forces acting on
the bondline.

The observed compression shear strength decreased after water im-
mersion of the specimens. Samples with PUR-PC showed a high pro-
portion of premature failure during the water immersion, resulting in an
average wet shear strength of 0.1 & 0.1 MPa. Surprisingly, only a small
amount of pure adhesion failure was detected and the majority of the
samples failed as near interface cohesion failure (Fig. 4). This shows that
the adherence of the PUR-PC resin to the wood still persisted even under
wet conditions. Thus, the cohesive strength of the boundary layer be-
tween the interface and the bulk region of the PC, rather than the PC-
wood interface, determined the shear strength.

While TCC bonded with epoxy-PC showed a high proportion of wood
failure in dry state, the prevalent failure mode shifted to near interface
cohesion failure after water immersion. Nonetheless, the epoxy-PC
retained a shear strength of 4.5 + 3.1 MPa in wet state and showed
only a low amount of premature failure during the water immersion. The
use of an adhesion primer had no significant effect on the wet shear
strength for the investigated PCs. Additional images of the fracture
surface of the epoxy-PC and PUR-PC can be found in Fig. S1 and S2,
respectively.

3.4. Flexural tests of TCC- beams

3.4.1. Flexural performance

The bending behaviour was investigated using four-point flexural
tests on TCC with a thickness ratio of timber to concrete of 2:1, which
was chosen to avoid tensile stresses in the concrete part and to maximize
the timber content of the composite [30]. Fig. 5 and Table S2 show the
flexural behaviour of the TCCs with PCs and pure beech wood GLTs. In
flexural tests, the stiffness of beech wood GLT can be influenced by the
beam height of the tested specimens [43]. Thus, two different GLT beam
heights (30 and 60 mm) were tested to determine the range of flexural
stiffness of the GLT (c.f. Table S3). While the beams of 30 mm height
consisted of only one layer of lamellae, the beams of 60 mm height
contained a horizontal bondline between two layers of beech wood
lamellae. The beams with 60 mm height were tested until fracture to
determine the strength and ensure that fracture does not occur in the
horizontal bondline of the GLT between the beech wood lamellae. The
stiffness of the GLT with 30 mm and 60 mm height resulted in a flexural
modulus of 14.6 + 2.5 GPa and 13.4 + 0.4 GPa, respectively. Fig. 5C
shows the strength and stiffness of the TCCs and the GLT beams with 60
mm height. Reinforcement of the beams with epoxy-PC led to an average
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across all tested samples.

flexural modulus of 20.0 + 1.8 GPa, thus showing the stiffening effect of
the epoxy-PC reinforcement. PUR-PC in comparison did not significantly
increase the stiffness of the beam with a mean flexural modulus of 15.5
+ 0.3 GPa.

The load-bearing capacity appeared to be improved by the rein-
forcement with epoxy-PC with a flexural strength of 131.3 + 18.6 MPa
for the TCC compared to 114.7 + 11.6 MPa of pure beech GLT. How-
ever, this increase in strength was within the natural variability of beech
wood, hence more samples would be required to characterize the
strengthening effect of the epoxy-PC on the TCC. The PUR-PC on the
other hand led to no increase in flexural strength compared to pure
beech. Excluding the specimen with premature shear failure, PUR-PC
reinforced beams show an average strength of 111.0 MPa.

3.4.2. Failure modes
The stresses acting on subcomponents of the TCC beams at the time
of failure of the beams as calculated by composite theory [33] are shown

in Table 3. The governing strength of the TCC with epoxy-PC is deter-
mined by the bending strength of the timber, with fracture starting from
finger joints (if present) as shown in Fig. 5D and Fig. S3. Compression
failure in the epoxy-PC was observed as secondary failure mode with
visible cracks in the PC for two out of three specimens. The shear stresses
acting on the bondline between GLT and PC at the time of failure were
well below the shear strength of the bondline measured on the shear test
sample. For the PUR-PC, the fracture was observed as near interface
cohesion failure in shear, with comparable shear stresses as measured in
the shear test specimens (Fig. 5D and Fig. S4). The shear failure occurred
abruptly in all the PUR-PC specimens, with neither tensile-bending
failure in the wood nor any obvious compression-induced cracks in
the PC. This confirms that the governing strength of the TCC with PUR-
PC is dictated by the interface region in the vicinity of the bondline
between GLT and PC. A similar behaviour was observed by Gronquist
et al. [30] in flexural tests on large-scale TCC beams (5.2 m) made of
beech wood with epoxy- and PUR-PC.
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3.4.3. Influence of moisture on flexural performance

Since a strong influence of moisture on the bond strength has been
observed in the shear test samples, additional flexural tests were con-
ducted after conditioning the beams at a high humidity of 95 % RH. Such
high wood moisture levels (WMC =~ 22 %) resulted in a decrease in
stiffness of the TCC with epoxy-PC with an average flexural stiffness of
13.6 + 0.3 GPa (Fig. 5). Out of the three tested beams, two showed
flexural tensile failure, while only one specimen failed in shear at the
interface. The different failure modes were also reflected in the flexural
strength, as the latter specimen showed an obviously lower strength of
34 MPa compared to 95 and 79 MPa, respectively. TCCs with PUR-PC
delaminated during storage at high humidity of 95 % RH due to the
swelling of the wood and were not tested. However, the failure was in

accordance with the observations made for shear samples and occurred
as a near interface cohesion failure.

3.5. Effect of the PC matrix on the deformation behaviour of millimeter-
scale TCCs under moisture influence

The influence of moisture became obvious in the mechanical tests.
Both, TCC with epoxy- and PUR-PC showed a decrease in bond strength
after exposure to moisture. However, specimens with PUR-PC exhibited
generally lower strengths and moisture resistance than epoxy-PC
bonded samples. The results indicate that not the adhesion strength of
the respective resin to the beech wood determines the bond strength, but
rather the strength of the concrete, specifically in the region close to the
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Table 3
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Summary of the maximal force Fy,,y and deflection w4 at the point of failure of the TCC beams in dry state. The governing strengths of the subcomponents where the

failure occurred are written in bold.

Epoxy-PC Specimen PUR-PC Specimen

1 2 3 1 2 3
Finger joint® no yes (160 mm) yes (190 mm) no yes (0 mm) no
Fracture mode flexural-tension flexural-tension flexural-tension shear shear shear
Frax [KN] 17.03 12.87 14.54 12.11 4.10 12.84
Wmax [mm] b 35.21 19.86 28.6 29.65 8.02 35.67
f,c [MPa] © 4.62 3.49 3.94 3.28 1.11 3.48
fum,w [MPa] © 127.74 96.50 109.06 92.41 31.30 98.00
f.s [MPa] 9 186.45 140.85 159.18 137.35 46.52 145.66

a) Indicates if a finger joint was present in the specimen. The distance of the finger joint to the centre of the beam is noted in brackets.

b) Midspan deflection w at maximal load Fpax.

c) Shear stress f, g acting at the bondline, compression stress f. g in the concrete and bending tensile stress fiy \ in the timber at the moment of fracture.

bondline.

To characterize the behaviour of the TCC during the moisture-
induced swelling in more detail, we developed a simple experimental
setup to in situ monitor the strains developed across the bondline of the
composite. Complementary to the mechanical testing of TCC, which
showed the holistic mechanical behaviour, we employed DIC to monitor
moisture-induced local surface deformations in the vicinity of the
bondline as shown in Fig. 6. For this purpose, millimeter-scale TCC
samples were prepared, fully cured and conditioned in a dry climate (35
% RH). After the application of a speckle pattern, the samples were
exposed to high humidity (~ 90 % RH) for several days, while being in
situ monitored until no additional dimensional changes were observed.
The resulting Lagrangian strains of samples with epoxy- and PUR-PC
after swelling of the wood are visualized in Fig. 6B and 6C. The
measured strains reflect the deformations measured on the surface of the
specimens. Even though out-of-plane deformations are minimized by
observing the cross-section of the specimens, border effects cannot be
fully ruled out.

The two PC matrices showed different behaviour upon deformation
imposed by the wood swelling. The epoxy-PC did not deform in the
matrix, with strain developed exclusively in the wood. The PC stabilized
the interface and restricted the swelling of the wood. This led to a
gradual increase in swelling strain starting from the interface, with the
maximum swelling strain of the wood being reached several millimeters
away from the bondline (Fig. 6D). Such behaviour was proposed by
Frazier [42] to occur in highly moisture-stable, in-situ polymerized
wood adhesives (e.g. phenol-formaldehyde adhesives), where the
gradual transfer of the swelling strain into the wood reduces stress
concentrations on the bondline and increases the moisture resistance of
the bond. The effective stress levels acting on the bondline cannot be
directly quantified with the DIC measurement [44]. Nonetheless, the
gradual distribution of the strain away from the bondline into the wood
indicates limited shear stress concentrations at the bondline, as seen by
the shear strain ey in Fig. 6B.

In contrast, the PUR-PC specimens showed deformations in the vi-
cinity of the bondline. Two out of eight specimens restricted the wood
swelling and exhibited a deformation behaviour similar to epoxy-PC
with a stabilization of the wood interface, but for the majority of the
specimens, less stabilization of the wood surface occurred. The swelling
of the wood imparted high shear strains (and consequently stresses) on
the concrete, which led to the failure of the PC upon reaching its fracture
strain. This behaviour is in accordance with the near interface cohesion
failure observed in the TCC with PUR-PC tested in shear and bending.

The different deformation mechanisms of the TCCs which result from
the swelling of the wood cannot be simply explained by the elastic
properties of the concrete, as both of the resins have a similar elastic
modulus (2.9 and 3.3 GPa for PUR- and epoxy-resin, respectively). The
different behaviour of the TCCs with PUR-PC is presumably due to crack
formation near the interface in the PC. The formation of cracks relaxes
the restricting forces at the interface and allows the swelling of wood,

without complete failure of the specimen though. As seen in Fig. 6C, the
strain fields obtained by DIC suggest the occurrence of subsurface cracks
starting from the bondline into the PUR-PC, which shows visible crack
propagation in the bulk with increased strains. A similar effect has
previously been shown by Ren and Hu [45] during investigations on the
fatigue behaviour of epoxy-PC and PUR-PC under cyclic loading. They
observed increased deformations and reduced stiffness modulus with
increasing stress levels, presumably due to crack formation at the sur-
face and internal defects.

The comparison of strain fields visualized by a false colour map can
be misleading, especially in case of minor differences in strains or due to
the occurrence of inhomogeneous strains, as often seen in wood samples.
To facilitate quantification and comparison of the strains which devel-
oped perpendicular to the bondline, a sub-selection of the obtained 2D-
strain field was chosen (excluding regions with obvious border effects,
defects in the sample or defects from the DIC analysis) and reduced to a
1-D deformation curve by averaging the horizontal strains (ex). Fig. 6D
and 6E show the strain in the TCC that developed after increasing the
humidity, with and without pre-treatment of the wood with an adhesion
primer. It can be seen that even though cracks are formed in the PUR-PC,
a certain amount of adhesion is still present. This leads to a deformation
of the PUR caused by swelling the wood and results in a structurally
weakened interface due to the partial failure of the PUR-PC. It is also
visible that pre-treatment of the wood surface with an adhesion primer
influenced the swelling behaviour only marginally.

The different behaviour of the two PC is presumably dictated by the
inherent lower strength of the PUR-PC than the epoxy-PC. An additional
reason that may partially contribute is assumed to be the formation of an
interface-near region with reduced strength due to the reaction of the
PUR-PC with moisture from the wood surface. In Fig. 2B, it can be seen
that Ty at the interface differs from the bulk of the PUR-PC. This in-
dicates a reaction with wood components, most likely water, that gen-
erates gaseous CO,, which has not only the potential to weaken the
interface by trapped gas bubbles but also to influence the crosslinking
density and thus the mechanical properties of the PUR-PC [41,46]. The
properties of this interfacial region can partially be influenced by the
application of an adhesion primer. However, the effect of the primer on
the bond shear strength is not pronounced and can only be observed in
dry state of the sample. After exposure to moisture, the swelling forces
still mostly lead to failure of the PUR-PC and no effect of the adhesion
primer on the moisture resistance can be observed.

4. Conclusion

TCCs with epoxy-PC showed higher strength and better short-term
moisture stability than TCCs with PUR-PC. The behaviour of the TCCs
with epoxy-PC under the influence of moisture showed, that even with
beech and its low dimensional stability, it is possible to obtain a rather
stable bond to the concrete after exposure to water. PUR-PC was not able
to withstand the swelling of the wood and fractured often as a near
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interface cohesion failure.

An in-depth investigation of the swelling effect using DIC showed
that TCCs with the two PC deform very differently, with the epoxy-PC
restricting the wood swelling. In contrast, in TCCs made with PUR-PC,
beech wood swelling was only minimally restricted due to crack for-
mation in the PC near the interface. The investigation of the swelling
behaviour showed that even when TCCs are designed in a way that
applied loads should only lead to compression stresses in the concrete
and shear stresses at the bondline, the moisture-induced swelling strain
of the beech wood can generate additional tensile and shear forces in the
PC. Thus, for TCCs with beech wood, the tensile strength of the PC plays
an important role to achieve a reliable and moisture-resistant composite,
which should be taken into consideration for the further development of
moisture-resistant TCCs with PCs.

PCs, and in particular epoxy-PC, could be viable replacements for
cement-based concretes for application in TCC. The self-adhesion of the
concrete to the wood allows for facilitated manufacturing of such
composites, and the excellent tensile and compression strengths of
polymer concrete in combination with beech wood would allow to
realize lightweight TCC structures with reduced layer thickness, while
maintaining comparable load-carrying capability to commonly used
OPC concrete based TCCs.
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