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A B S T R A C T

The bond strength of adhesively bonded timber–concrete composites (ATCC) with prefabricated concrete
elements is usually described using the shear strength of the timber. This approach, however, often fails to
consider the actual failure modes of the bondline and also the interaction between shear stresses and stresses
perpendicular to the bondline has not yet been comprehensively understood. To address this limitation, a
reliable calculation method is required, where stress determination, failure criterion, and stress analysis are
clearly defined to accurately predict the bond failure of ATCC specimens. In this study, three linear-elastic
calculation methods and one non-linear calculation method are presented along with corresponding failure
criteria and strength parameters. Regarding validation, the predicted failure load is compared to experimental
results from 186 ATCC bond specimens to assess the method’s suitability. Based on the findings, appropriate
calculation methods for a reliable prediction of the bond strength are recommended.
1. Introduction

A growing interest of research and industry in the technology of
bonding timber to concrete has been observed in recent years. One
major reason for this is that a more or less rigid bond is achieved,
allowing the optimum utilization of the individual materials. Moreover,
the use of adhesives for the interconnection allows one to work with
prefabricated concrete elements (‘‘prefabs’’), eliminating the disadvan-
tages of in situ concrete. In this way, the classic advantages of timber
construction, such as a high degree of prefabrication, short construction
times and low moisture input into the building, are retained, while, at
the same time, a separate prefabrication of the individual components
is possible.

This study focuses on adhesively bonded timber–concrete com-
posites (ATCC) which are assembled with concrete prefabs. Adhesive
bonding can be carried out either in a factory building or on the con-
struction site, depending on the logistics boundary conditions. To meet
the challenges of on-site processing, a comprehensive quality assurance
concept was developed by Frohnmüller et al. [1]. This concept includes
quality control of the components, conditions for execution and testing
of reference samples.

The research on this topic has today reached a stage that allows
the implementation of initial pilot projects [2,3], since questions of
suitable materials and adhesives have been answered [4–8] and the
long-term deformation behavior has also been investigated [9,10]. The
bond strength of ATCC structures has usually been described with the

∗ Corresponding author.
E-mail addresses: frohnmueller@uni-kassel.de (J. Frohnmüller), wseim@uni-kassel.de (W. Seim).

shear strength of the timber [4,11]. If, however, other materials are
being used for the construction of ATCC, such as beech with a large
shear strength [12–14] or concrete parts with a comparatively low
surface-tensile strength [15–18], then the failure can also occur in the
concrete substrate or as a mixed failure in both the concrete and the
timber. In this case, the resistance of the adhesive bondline is not clear,
because neither the EC5 [19] nor the draft of the technical specification
TS 19103 [20] provide sufficient information for the bond strength of
concrete surfaces.

The failure modes, which could theoretically take place in the
adhesive bondline, are depicted in Fig. 1. A stress verification must be
performed in the engineering design process for the substrate failure
modes FM1 and FM5. Adhesion failure FM2 or FM4 can usually be
excluded by selecting a suitable adhesive and conducting a quality
control system on the construction site [2,8,21]. Regarding adhesives
and polymer mortars that meet the requirements for application, stiff-
ness and adhesion, cohesion failure FM3 can generally be excluded in
the verification process due to their high tensile and shear strength
properties compared to timber or concrete.

It is usually required for structural adhesives, which are being used
for timber constructions, that substrate failure occurs in all cases but
never an adhesion or cohesion failure of the adhesive even for long-
term testing of the durability. The bond failure can, therefore, be
attributed exclusively to the strength of the timber and the concrete
and takes place as a brittle failure, see Fig. 2.
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Fig. 1. ATCC bond failure — theoretical failure modes in the bondline.
Fig. 2. Failure modes of bond specimens (a) Near-surface shear failure in timber — plan view (b) Near-surface shear failure in concrete — plan view (c) Mixed near-surface shear
failure in timber and concrete — plan view.
Regarding the stress-verification design of the failure modes FM1
and FM5, open questions remain regarding the interaction of shear
stresses and stresses perpendicular to the bondline because currently
no generally applicable failure criterion is available for the adhesive
joint. Size-effects are also repeatedly discussed [15,18]. The objective
of this work, therefore, is to provide a reliable calculation method
(model for stress determination + failure criterion + stress analysis)
for the prediction of the bond failure of the adhesive bond of timber to
concrete.

2. Materials and methods

2.1. Approach

First, models for stress determination and suitable failure criteria
to describe the resistance of the ATCC bondline are determined based
on approaches from the literature. A brief overview of the bond tests
is then provided from which the experimental failure load 𝐹u,exp,b
is derived. Subsequently, four calculation methods (AN, FE-S, FE-P,
and FE-K) are introduced to predict the failure load 𝐹u,cal,b, taking
into account the strength parameters of timber and concrete. The
shear strength parameter of the timber is hereby already determined
considering the calculation methods. Then, 𝐹u,cal,b is calculated for each
method for each test series. Regarding validation, a comparison is made
between 𝐹u,exp,b and 𝐹u,cal,b, which allows one to draw conclusions
concerning the suitability of the model for stress calculation, the se-
lected failure criteria, and material parameters considered in the failure
criteria.

2.2. Models for the stress calculation

The models for stress determination, which have been chosen by the
authors from the literature to analyse ATCC bond specimens can be
categorized in analytical approaches [4–7,11,12,14,15,22], numerical
approaches with a combined analysis of the stress peaks and stress in-
teraction of shear and normal stresses perpendicular to the bondline [4,
2

22] and linear-elastic fracture mechanic (LEFM) approaches [4,6,11].
The models used in this study are introduced based on this assessment
in Section 4.

2.3. Stress-based failure criteria

A comparatively simple failure criterion can be found under the
assumption that failure is solely triggered by shear stresses. Failure
occurs when the shear stress 𝜏 reaches the shear strength 𝑓v.
𝜏
𝑓v

= 1 (1)

No pure stress state occurs in most applications, but the actual
stress state, instead, corresponds to a combination of different stress
components, such as shear and normal stresses. There, it is often nec-
essary to use failure criteria with which combined stress states can be
predicted on the basis of uni-axial strength parameters, such as 𝑓t, 𝑓c or
𝑓v. Since two different materials are combined in ATCC constructions,
it is useful to choose a common definition of the coordinates. For a
concrete surface, which is always defined as the formwork side, and a
timber grain, which is always defined as parallel to the adhesive joint,
the x-axis can be chosen parallel to the adhesive bondline along the
length of the specimen, while the z-axis is oriented perpendicular to
the adhesive bondline (see Fig. 1).

A failure criterion for timber has been proposed by Blaß& Krüger
[23] based on tests from Spengler [24] and was experimentally vali-
dated for the ranges 𝜎z = 2.0 to −4.5 N/mm2. Further failure criteria
have been discussed by Akter & Bader [25], whereby the failure cri-
terion given in the Swiss standard SIA 265 [26] involving the three
parameters tension and compression strength perpendicular to the
grain 𝑓t,90 and 𝑓c,90 and the shear strength 𝑓v has led to superior results,
see Eq. (2). This failure criterion is, thus, chosen for this study.
( 𝑓c,90 + 𝜎z
𝑓c,90 + 𝑓t,90

)2
+
( 𝜏
𝑓v

)2
⋅
[

1 −
( 𝑓c,90
𝑓c,90 + 𝑓t,90

)2
]

= 1 (2)

The application limits of Eq. (2) are set to 𝑓t,90 and 𝑓c,90, which is
reasonable for analytical calculation methods where the compression
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Fig. 3. Exemplary resistance of the adhesive bondline, depicted in the shear-normal
stress diagram. Test set-ups of the timber taken from EN 408 [28], test set-up of the
concrete taken from DIN 1542 [29] and DIN 1048 [30].

stresses perpendicular to the grain are assumed to be a constant stress
block. These application limits in FE models with linear-elastic material
parameters, however, could lead to inaccurate results, since stress
peaks could exceed the compression strength in single FE elements. It
is assumed that exceeding 𝑓c,90 by individual bond stress pairs may
be permissible due to local stress redistribution in the timber, since
no compression failure perpendicular to the grain was observed in
any of the bond tests analysed in this study. This assumption is also
supported by literature sources, where stress combinations in the range
up to about 1.4 times the compressive strength perpendicular to the
grain have been allowed even for an analytical calculation of the
stresses [23], which leads to:

( 𝑓c,90+𝜎z
𝑓c,90+𝑓t,90

)2
+
(

𝜏
𝑓v

)2
⋅
[

1 −
( 𝑓c,90
𝑓c,90+𝑓t,90

)2
]

for 𝜎𝑧 ≤ 𝑓c,90

(

𝜏
𝑓v

)2
⋅
[

1 −
( 𝑓c,90
𝑓c,90+𝑓t,90

)2
]

for 𝜎𝑧 > 𝑓c,90

⎫

⎪

⎪

⎬

⎪

⎪

⎭

= 1 (3)

Regarding the concrete surface, an example of a failure criterion
is the so-called Mohr’s envelope. The idea of Mohr’s envelope was
adapted by Austin et al. [27] and the surface tensile strength 𝑓ct,surf
is used as the strength parameter, see Eq. (4). For 𝜎z = 0, the shear
stresses corresponds to twice the value of 𝑓ct,surf.

𝜏
√

4 ⋅ 𝑓ct,surf ⋅ (𝑓ct,surf − 𝜎z)
= 1 (4)

Exemplarily, the resistance of the adhesive bondline is shown in the
shear-normal stress diagram in Fig. 3 for an utilization of Eqs. (3) and
(4). It can be seen that the decisive composite part for the material
combination depicted changes.

2.4. Failure criteria based on fracture mechanics concepts

While stress-based failure criteria assume that bond failure occurs
when the critical stress or the critical combination of stresses is reached,
fracture mechanics concepts assume that bond failure occurs when the
crack growing becomes unstable. LEFM concepts are suitable for the
modeling of brittle failure modes such as tensile and shear failure of
timber or concrete, where the fracture zone is small compared to the
surrounding material [31].

For plane stress situations, the failure modes can be separated in
Mode I (tension perpendicular to the bondline) and Mode II (shear).
The transition from linear to non-linear behavior begins as soon as the
corresponding stress criterion is reached [32]. Up to this point, only
elastic strains occur.
(𝜎t,z

)2
+
(

𝜏
)2

= 1 (5)
3

𝑓t,z 𝑓v
The fracture, and the complete failure of one cohesive element, is
defined in the calculation step where the fracture energy of the cohesive
element 𝐺I and 𝐺II reaches the specific fracture energy of the material
𝐺I

c and 𝐺II
c . Under combined loading, the failure criterion from Eq. (6)

is applied.
(

𝐺I

𝐺I
c

)2
+
(

𝐺II

𝐺II
c

)2
= 1 (6)

By modeling this softening process, stress peaks and stress singular-
ities which often occur in linear elastic FE modeling have less influence
on the load-carrying capacity.

2.5. Materials

Solid softwood (SW) and solid beech hardwood (HW) have been
used for the timber. The timber was selected as knot-free with mostly
radial growth ring orientation in order to avoid premature failure of
the timber and, consequently, to generate a comparatively high stress
in the adhesively bonded joint. The surfaces of the timber were planed
within 24 h before gluing and cleaned of loose parts with compressed
air. All timber samples have been stored in constant climate (20 ◦C,
65% RH) before the tests.

Regarding the prefabricated concrete elements, the strength class
C45/55 has been requested with cement type 52,5R and a maximum
aggregate diameter of 16 mm. The actual strength class achieved
tended to exceed the theoretical average compressive strength class
𝑓cm,cube = 53 N/mm2 for C45/55, see Fig. 4. The bottom surface of
the concrete elements, which were in contact to the formwork and
will be used as gluing surfaces, have either been left smooth (SM) or
prepared by different treatments to achieve a rough surface (RH). In the
case of smooth concrete surfaces, formwork oils or other release agents
have not been allowed and the surfaces have either been left as non-
prepared with different formwork materials (NP = concrete formwork
panel with phenolic resin film coating, SP = three-ply shuttering panel,
OSB = OSB panels) or the concrete has been treated differently, such as
utilizing a strong compacting process to artificially let the aggregates
sink to the bottom of the prefab near to the gluing surface (CO). In the
case of rough concrete surfaces, they have been prepared by either a
normal sandblasting (SB2) or a strongly sandblasting process (SB3), by
hammering (HA), or treated with hardening retarder (HR) to achieve
an exposed aggregate concrete surface.

The structural adhesives, which have been used to bond timber
and concrete, are based on two-component epoxy (2EP) or phenol-
resorcinol formaldehyde (PRF). Polymer mortars (PM) are based on 2EP
adhesives with inert additives as fillers and thixotropy modifiers.

2.6. Material parameters

The most relevant material properties have usually been determined
experimentally. Parameters with less influence have been assessed
according to available data from the literature. The initial parameters
are summarized in this section, while a closer analysis of the shear-
strength parameter of the timber will be carried out in Section 4.5
after the calculation methods for the prediction of the failure load are
known.

2.6.1. Experimentally determined
The tests described in EN 408 [28] were used for the shear strength

of the timber 𝑓v,t. For the surface tensile strength of the concrete 𝑓ct,surf,
the pull-off test according to DIN 1542 [29] and DIN 1048 [30] have
been used. The compression strength of the concrete was determined
according to EN 12390-3 [33].
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Table 1
Timber — material parameters for the calculation from the literature.

Type of failure criterion Parameter Softwood Source Hardwood Source

Stress-based 𝑓t,90,m 1.89 N/mm2 [35] 5.50 N/mm2 [36]
𝑓v,t,m 6.10 N/mm2 [37] 11.00 N/mm2 [38], [39]
𝑓c,90,m 3.24 N/mm2 [40] 9.60 N/mm2 [41]

Based on LEFM 𝑓t,z,t 𝑓t,90,m – 𝑓t,90,m –
𝑓v,t 𝑓v,t,m – 𝑓v,t,m –
𝐺I

c,t 0.30 N/mm [34] 1.39 N/mm [42]
𝐺II

c,t 0.23 ⋅ 𝑓v,t,m – 0.23 ⋅ 𝑓v,t,m –
Fig. 4. Relationship between the mean surface tensile strength and concrete compressive strength — literature values and our own experimental data.
Table 2
Concrete — material parameters for the calculation from the literature.

Type of failure criterion Parameter Concrete C45/55 Source

Stress-based 𝑓ctm,surf see Eq. (7) see Fig. 4

Based on LEFM 𝑓t,z,c 𝑓ctm,surf –
𝑓v,t 2 ⋅ 𝑓ctm,surf –
𝐺I

c,c 0.073 ⋅ 𝑓 0,18
cm [43]

𝐺II
c,c 0.29 ⋅ 𝑓ctm,surf [44]

2.6.2. Supplemented with data from the literature
The material parameters, which have been supplemented from the

literature, are summarized in Table 1 and Table 2. No literature values
for the specific fracture energy of hardwood in mode II are known to
the authors, which is why an estimation must be done. Considering
that the fracture parameter 𝑓v and the specific fracture energy 𝐺II

c are
directly related by the linear cohesive law, modifying 𝑓v exclusively
and assuming a constant value for 𝐺II

c might not be consistent, although
the relationship of shear strength and specific fracture energy in mode
II are disputed. Therefore, it has been decided to assess the values based
on the results of Jockwer [34], who determines 𝐺II

c,t = 1.15 N/mm for
softwood with a shear strength of about 𝑓v,t = 5.0 N/mm2, leading to
a ratio of 𝐺II

c,t = 0.23 ⋅ 𝑓v,t [N/mm].
Eq. (7) is used for the calculation of the concrete’s surface tensile

strength. This trend line is based on a total of 444 test values from
experiments performed at the University of Kassel and experiments
from the literature, see Fig. 4.

𝑓ctm,surf = 1.29 ⋅ 𝑙𝑛(𝑓cm,cube) − 1.86 [N/mm2] (7)

2.6.3. Adhesive properties
Referring to Fig. 1, it can be assumed that the bond failure does

not occur within the adhesive itself due to the significant disparity
in strengths between the adhesive and substrates. This observation is
also supported by experimental confirmation (see Fig. 2) as well as a
literature review on strength properties of adhesives: Cold-curing epoxy
4

adhesives (2EP) typically exhibit tensile strengths between 25 and 40
N/mm2 [5,45], while the polymer mortar (PM) used in experiments
shows a flexural strength around 40 N/mm2 [1]. The compressive
strength for timber–concrete bonding 2EP adhesives is approximately
84 N/mm2 [5], whereas PM, due to added aggregates, vary from 90 to
146 N/mm2 [5]. A PM using a 1.6 mm maximum aggregate size attains
139 N/mm2 compressive strength [1].

3. Bond specimens

The bond specimens have been tested in several projects at the
University of Kassel. A full documentation of all details can be found in
the technical reports have been previously published, see Table 3. The
original designations used in previously published articles, conference
papers, or research reports may differ from those used in this work. A
total of 186 test results are available. The test set-up and the ATCC bond
specimen as used in test series V1 and V3 are shown in Fig. 5. The same
set-up was used for test series V2, with the difference that the concrete
part was replaced by polymer mortar. The test set-ups for test series
V4, V6 and V7 can be found in Fig. 5 of Frohnmüller et al. [14], for
information on test series V5 see Fig. 2 by Frohnmüller et al. [7].

Due to the inclination of the test specimens, the load introduction
points at the head and the foot of the specimen align with each other.
Cut-ins at the upper and lower ends of the specimens define the bond
length of the adhesive precisely and prevent stress concentrations near
the load application points. Steel brackets were usually glued onto
the timber part of the specimen to improve the load application and
achieve a more uniform shear stress distribution. The gluing process
was omitted in two cases (V6, V7). The thickness of the adhesive
bond was defined using spacers. The thickness of the timber part
was adjusted accordingly with varying bond thickness. Typically, two
displacement sensors with a ±1 mm measuring range were attached
to the upper and lower ends of the specimen to measure the relative
displacement. All tests were conducted following the recommended
load protocol of EN 26891 [46], with the tests being fully controlled
using a constant velocity of 0.01 mm/s. The testing duration for each
experiment ranged from four to six minutes. The essential geometries
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Fig. 5. Typical test set-up and ATCC bond specimen.
Table 3
ATCC bond specimens — Assignment of test series to research projects, scientific
publications and technical reports.

Test Type of project Publication
series

V1 BMWK/ZIM ZF4147005EB9 [47], [1]
V2 Student project, Univ. Kassel [48]
V3 Service for fischerwerke GmbH [2]
V4 Student project, Univ. Kassel [14]
V5 BMWK/ZIM KF2512006KI4 [7]
V6 IGF/AiF 19417 N/282 [14], [8],[12], [49]
V7 IGF/AiF 19417 N/282 same as V6

and other parameters required for the calculation and evaluation of the
experiments are summarized in Table 4.

4. Prediction of the failure load — methodology

It is necessary to combine a model for stress calculation with a
failure criterion and an approach for the analysis of the stresses to
predict the failure load for the bond tests in a holistic way. The result is
a calculation method for the prediction of the failure load. Based on this
literature review from Section 2.2 four calculation methods are chosen
in this study:

• An analytical model assuming constant stresses and a consid-
eration of the stress interaction of shear- and normal stresses
perpendicular to the bondline (AN)

• A finite element model with linear-elastic material parameters
and a consideration of the stress interaction of shear- and normal
stresses perpendicular to the bondline (FE-S)

• A finite element model with linear-elastic material parameters
and a consideration of the maximum shear stress, so called ‘‘peak’’
(FE-P)

• A non-linear finite element model based on a fracture mechanic
approach and cohesive-zone modeling (FE-C)

The calculation methods FE-S and FE-P are based on the same linear-
elastic FE model but are different in the post-processing of the stresses
and the failure criteria which is applied. While the FE-S calculation
method uses the failure criterion to include shear and normal stresses
5

for evaluation, the FE-P calculation method only considers the maxi-
mum shear stress value.

The calculation methods are explained in detail below. The results
of the calculation for the prediction of the failure load can be found in
Section 5 ‘‘Validation’’.

4.1. Analytical (AN)

The bond stresses 𝜏xz = 𝜏 and 𝜎z in the AN calculation method
are calculated by an analytical approach as a constant stress block
depending on the load F, the bond length 𝑙b, the bond width 𝑏b and
the angle 𝛼, which corresponds to the inclination of the specimen with
respect to the load direction.

𝜏 =
𝐹 ⋅ cos(𝛼)
𝑙b ⋅ 𝑏b

(8)

𝜎z =
𝐹 ⋅ sin(𝛼)
𝑙b ⋅ 𝑏b

(9)

By equating Eq. (8) and Eq. (9), 𝜎z can be expressed as a function of 𝜏.
The relationships for the AN calculation method are shown graphically
in Fig. 6 in the shear-normal stress diagram.

𝜎z = 𝜏 ⋅
sin(𝛼)
cos(𝛼) = 𝜏 ⋅ tan(𝛼) (10)

Eqs. (8) and (10) are substituted into Eqs. (2) and (4), then resolved
for the failure load (see (11) and (12) in Box I).

The bond failure occurs when the critical failure load 𝐹u,cal,b,t or
𝐹u,cal,b,c is reached. The stresses 𝜏u and 𝜎z,u correspond with the stresses
for the ultimate failure load 𝐹u (see Fig. 6).

𝐹u,cal,b = min
{

𝐹u,cal,b,t
𝐹u,cal,b,c

(13)

4.2. Linear-elastic FE model with full stress interaction (FE-S)

The calculation method FE-S is based on an ABAQUS 2D-FE model.
Linear elastic material parameters are defined because the bond failure
observed in experimental studies occurred in all cases in a brittle
manner, see Table 5, Table 6 and Table 7. Local axes were considered
to account for the anisotropy of the wood. The mesh consists of CPS4R
elements with four nodes and an edge length of each element of
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Table 4
ATCC bond specimens — Test parameters and number of test specimens.

Test 𝑏b 𝑙b 𝛼 Timber Concrete surfacea Adhesive 𝐹u,exp,b,m COV 𝑛

series [mm] [mm] -type -thickness [kN] [%] [–]

V1-01 50 270 14◦ SW SM-NP PM 3.8 mm 95.0 14 6
-02 50 270 14◦ SW SM-NP PM 2.0 mm 86.8 11 6
-03 50 270 14◦ SW SM-CO PM 3.8 mm 91.2 13 6
-04 50 270 14◦ SW RH-HR PM 3.8 mm 93.5 16 6
-05 50 270 14◦ SW RH-SB3 PM 3.8 mm 91.4 4 6
-06 50 270 14◦ SW RH-HA PM 3.8 mm 93.3 19 6

V2 50 270 14◦ SW – PM 51.0 mm 109.3 20 9

V3-01 50 270 14◦ SW SM-NP 2EP 2.0 mm 106.9 12 10
-02 50 270 14◦ SW RH-SB2 2EP 2.0 mm 124.5 6 9

V4-01 25 250 14◦ SW RH-SB2 2EP 1.0 mm 54.4 7 5
25 250 14◦ SW RH-SB2 PM 5.0 mm 61.8 16 5
25 250 14◦ SW RH-SB2 PRF ∼0.1 mma 45.8 14 5

-02 25 250 14◦ SW SM-NP 2EP 1.0 mm 60.0 12 5
25 250 14◦ SW SM-NP1 PM 5.0 mm 50.7 14 5
25 250 14◦ SW SM-NP1 PRF ∼0.1 mma 48.3 20 5

-03 25 250 14◦ SW SM-SP 2EP 1.0 mm 47.9 25 5
25 250 14◦ SW SM-SP PM 5.0 mm 53.3 10 5
25 250 14◦ SW SM-SP PRF ∼0.1 mma 53.4 9 5

-04 25 250 14◦ SW SM-OSB 2EP 1.0 mm 47.0 22 5
25 250 14◦ SW SM-OSB PM 5.0 mm 49.1 24 5
25 250 14◦ SW SM-OSB PRF ∼0.1 mma 50.5 3 5

V5-01 80 320 11◦ SW𝑐 RH-SB2 PM 7.5 mm 109.5 15 9
-02 40 320 11◦ SW𝑐 RH-SB2 PM 7.5 mm 63.6 8 6

V6-01 50 270 14◦ SW SM-NP 2EP ∼0.1 mma 87.3 13 14
-02 50 270 14◦ SW SM-NP PRF ∼0.1 mma 80.2 12 10
-03 50 270 14◦ 2xSW – 2EP ∼0.1 mma 91.3 6 4

V7-01 50 270 14◦ HW SM-NP 2EP ∼0.1 mma 102.8 12 10
-02 50 270 14◦ HW SM-NP PRF ∼0.1 mma 112.2 13 9

Total number of specimens: 186

a Strength class of the concrete for all test series is C45/55.
Fig. 6. Calculation method AN — Methodology for the prediction of the failure load, exemplary depicted in the shear–stress- normal stress-diagram for a typical bond test as
shown in Fig. 5 and the failure load 𝐹u = 𝐹u,cal.
6
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𝐹u,cal,b,c =
2 ⋅ 𝑏b ⋅ 𝑙b ⋅ 𝑓ctm,surf

1 − sin(𝛼) (11)

𝐹u,cal,b,t =

(

√

𝑓 2
v,t ⋅

(

4 ⋅ 𝑓 2
c,90 ⋅ 𝑓 2

t,90 + 𝑓 2
c,90 ⋅ 𝑓 2

v,t ⋅ tan2(𝛼) + 4 ⋅ 𝑓c,90 ⋅ 𝑓 3
t,90 + 2 ⋅ 𝑓c,90 ⋅ 𝑓t,90 ⋅ 𝑓 2

v,t ⋅ tan2(𝛼)
)

⋅ tan2(𝛼) + 𝑓 4
t,90

(2 ⋅ 𝑓c,90 ⋅ 𝑓t,90 + 𝑓 2
t,90 + 𝑓 2

v,t)

+𝑓 2
t,90 ⋅ 𝑓 2

v,t ⋅ tan2(𝛼) − 𝑓c,90 ⋅ 𝑓 2
v,t ⋅ tan(𝛼) )

⋅
𝑙b ⋅ 𝑏b
cos(𝛼)

(12)

Box I.
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𝐹

Table 5
Timber — material parameters for the numerical simulation (mean values).

Timber material 𝐸x [N/mm2] 𝐸z [N/mm2] 𝜈xz [-] 𝐺xz [N/mm2]

Solid wood (SW) 11.000 630 0,45 690
Solid wood (HW) 15.500 1030 0,50 970

Table 6
Concrete — material parameters for the numerical simulation (mean values).

Strength class 𝐸 [N/mm2] 𝜈 [-] 𝐺 [N/mm2]

C45/55 34.500 0,2 14.375

Table 7
Adhesive — material parameters for the numerical simulation (mean values).

Adhesive 𝐸 [N/mm2] 𝜈 [-] 𝐺 [N/mm2]

2EP (high viscosity) 4.500 0,4 1.607
2EP (low viscosity) 2.500 0,4 893
PRF 2.500 0,4 893
PM 25.000 0,3 10.500

𝑎E = 5 mm. The load is applied in the form of a constant vertical
isplacement at the head of the specimens. The reference point (RP) of
he displacement is coupled to the steel bracket and the area of coupling
s defined by the contact area of the testing machine with the steel
racket. The load 𝐹u,FEM is determined at the reference point at the
ase of the specimen, which is coupled with the steel plate.

It is assumed in the calculation method (FE-S) that all bond stress
airs 𝜏i,FE, 𝜎z,i,FE along the bondline can be decisive for the bond failure.
herefore, the shear stress 𝜏i,FE and the normal stresses in the local z-
irection 𝜎z,i,FE were calculated for each FE node 𝑖 along the selected
ath in the FE model, see Fig. 7. The path is located parallel to the
dhesive joint within the first row of FE elements in the respective
ubstrate and, thus, matches the actual fracture surfaces as observed
n the tests (see Fig. 2).

The bond stress pairs are then formulated with reference to the
E model load 𝐹FE to predict the failure load 𝐹u,i. Due to the linear-
lastic material model, the bond stresses from the FE calculation can
e linearly scaled. It is helpful for the further calculation steps that at
his point the substitution variables 𝑡i=(𝜏i,FE/𝐹FE) and 𝑠i=(𝜎z,i,FE/𝐹FE)
re introduced.

u,i = 𝜏i,FE ⋅
𝐹u,i
𝐹FE

= 𝐹u,i ⋅ 𝑡i (14)

𝜎z,u,i = 𝜎z,i,FE ⋅
𝐹u,i
𝐹FE

= 𝐹u,i ⋅ 𝑠i (15)

n a next step, the stress components 𝜏u,i and 𝜎z,u,i (Eq. (14) and
q. (15)) are inserted into the equations of the failure criteria.

The failure criterion from Eq. (4) is used analogously to the AN
7

alculation method for concrete. When rearranged according to the
orce, the failure load 𝐹 = 𝐹u,cal,b,c,i can be calculated for each bond
tress pair along the evaluation path, see Eq. (16).

u,cal,b,c,i =
2 ⋅ (

√

𝑓 2
ctm,surf ⋅ (𝑠

2
i + 𝑡2i ) − 𝑓ctm,surf ⋅ 𝑠i)

𝑡2i
(16)

The failure criterion from Eq. (2) is used with a modified application
limit in the compression–shear range for timber. In order to calculate
the failure load, Eq. (3) is resolved by the force 𝐹 = 𝐹u,cal,b,t,i.

𝐹u,cal,b,t,i =

√

𝑓 2
v ⋅ (4𝑡2i ⋅ 𝑓

2
c,90 ⋅ 𝑓 2

t,90 + 4 ⋅ 𝑡2i ⋅ 𝑓c,90 ⋅ 𝑓 3
t,90 + 𝑡2i ⋅ 𝑓

4
t,90 + 𝑠2i ⋅ 𝑓

2
c,90 ⋅ 𝑓 2

v

2 ⋅ 𝑡2i ⋅ 𝑓c,90 ⋅ 𝑓t,90 + 𝑡2i ⋅ 𝑓
2
t,90 + 𝑠2i ⋅ 𝑓

2
v

+2 ⋅ 𝑠2i ⋅ 𝑓c,90 ⋅ 𝑓t,90 ⋅ 𝑓 2
v + 𝑠2i ⋅ 𝑓

2
t,90 ⋅ 𝑓 2

v ) − 𝑠i ⋅ 𝑓c,90 ⋅ 𝑓 2
v for 𝜎z ≤ 𝑓c,90

(17)

𝐹u,cal,b,t,i =

√

𝑓 2
v ⋅ 𝑓 2

c,90 + 2 ⋅ 𝑓 2
v ⋅ 𝑓c,90 ⋅ 𝑓t,90 + 𝑓 2

v ⋅ 𝑓 2
t,90

2 ⋅ 𝑡2i ⋅ 𝑓c,90 ⋅ 𝑓t,90 + 𝑡2i ⋅ 𝑓
2
t,90

for 𝜎z > 𝑓c,90

(18)

The governing failure load 𝐹u,cal,b corresponds to the smallest value of
the calculated failure loads 𝐹u,cal,b,t and 𝐹u,cal,b,c.

𝐹u,cal = min
{

𝐹u,cal,b,t = min(𝐹u,cal,b,t,1, 𝐹u,cal,b,t,2,… , 𝐹u,cal,b,t,i)
𝐹u,cal,b,c = min(𝐹u,cal,b,c,1, 𝐹u,cal,b,c,2,… , 𝐹u,cal,b,c,i)

(19)

4.3. Linear-elastic FE model with shear stress peak (FE-P)

The FE-P calculation method is based on the same finite element
model as the FE-S calculation method, with the difference that for FE-P,
it is assumed that only the maximum value, i.e., the peak of the shear
stresses, governs the bond failure.

The respective maximum shear stress values from Eq. (14) for
concrete 𝜏c,FE,max and timber 𝜏t,FE,max are then substituted into the shear
strength failure criterion from Eq. (1), and the failure load is solved
accordingly. This results in Eq. (20) for the concrete and Eq. (21) for
the timber. The governing failure load 𝐹u,cal,b is then determined as the
minimum of 𝐹u,cal,b,c and 𝐹u,cal,b,t.

𝐹u,cal,b,c = 𝐹FE ⋅
𝑓v,c

𝜏c,FE,max
(20)

𝐹u,cal,b,t = 𝐹FE ⋅
𝑓v,t

𝜏t,FE,max
(21)

𝐹u,cal,b = min
{

𝐹u,cal,b,c (22)

𝐹u,cal,b,t
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Fig. 7. Calculation method FE-S — Methodology for the prediction of the failure load, exemplarily depicted in the shear-normal stress diagram for a typical bond test as shown
in Fig. 5 and the failure load 𝐹u = 𝐹u,cal.
4.4. Non-linear FE model with cohesive zones (FE-C)

A numerical method for implementing a LEFM method is the Cohe-
sive Zone Model (CZM), where the crack is represented as the cohesive
failure of individual FE elements. The cohesive zone is assigned all the
non-linear properties of the crack process, while the surrounding mate-
rial exhibits linear-elastic behaviour. This makes the CZM particularly
suitable when the location and direction of the crack are known, which
is the case for adhesive bondlines (see Fig. 2). The calculation method
FE-C is implemented using the FE software ABAQUS, where two cohe-
sive zones are arranged, with one assigned the calculation parameters
of the timber and the other assigned the calculation parameters of the
concrete, see Fig. 8.

Once the stress criterion of Eq. (5) is met, damage is initiated
and the cohesive element begins to soften. The softening is described
numerically by the damage parameter 𝐷.

𝐷 =
𝛿1m(𝛿max

m − 𝛿0m)

𝛿max
m (𝛿1m − 𝛿0m)

(23)

When 𝐷 = 0, the cohesive element is intact. When 𝐷 reaches a value
of 1, complete softening is achieved. The parameter 𝛿0m corresponds to
the effective deformation at the beginning of the crack, 𝛿1m at the end of
the crack, where 𝛿m is composed of the deformation components from
Mode I (𝛿t,z) and Mode II (𝛿v), see Eq. (24).

𝛿m =
√

𝛿2t,z + 𝛿2v (24)

The effect that a crack cannot reharden is considered through the
definition of the parameter 𝛿max

m . This parameter corresponds to the
deformation that the finite element experiences under the applied load
until the iteration step considered. Under linearly increasing loading,
𝛿max

m corresponds to the deformation 𝛿m. If the loading is reduced again,
𝛿m will decrease, but the value of 𝛿max

m remains constant.
Furthermore, the definition of the cohesive law modifies the stresses

occurring on the cohesive zone element through the damage parame-
ters 𝐷. As a consequence, the tensile stresses 𝜎t,z cannot exceed the
predefined strength parameters 𝑓t,z and 𝑓v at any time and stress peaks
or singularities are, thus, prevented. A linear cohesive law is applied,
which has proven to be effective in describing cohesive failure of
a notched pin joint under combined shear–tensile loading in Claus’
8

investigations [32]. The parameters 𝜎̄t,z and 𝜏 represent the stress
components without considering the damage. The bond failure occurs
when the failure criterion of Eq. (6) is reached.

Cohesive law mode I: 𝜎t,z =
{

(1 −𝐷)𝜎̄t,z for 𝜎t,z ≥ 0
𝜎̄t,z for 𝜎t,z < 0

(25)

Cohesive law mode II: 𝜏 = (1 −𝐷)𝜏 (26)

4.5. Analysis of material properties considering the calculation method

The strength parameters for the calculation methods have a sig-
nificant influence on the prediction as they directly affect the failure
criterion. Typically, the standard that describes the test set-up for
the strength parameter also includes an (often analytical) approach to
calculate the strength parameters based on the failure load, as given in
EN 408 [28] for the shear strength of the timber 𝑓v,t,n, for example, see
Eq. (27).

𝑓v,t,n =
𝐹u,exp ⋅ 𝑐𝑜𝑠(𝛼)

𝑙t ⋅ 𝑏t
(27)

The question arises, however, if higher accuracy in the subsequent
prediction of the bond specimen’s failure load could be achieved by
consistently applying the same calculation methods for the determina-
tion of strength parameters from the preliminary tests. When the shear
test from EN 408 [28] is analysed using the FE-S and FE-P calculation
methods, the strength parameter obtained deviates from the normative
value 𝑓v,t,n. The normative value for a sample failure load in the test
of 𝐹u,exp = 60.4 kN would result in 𝑓v,t,n = 6.10 N/mm2. However,
when using the FE-S numerical calculation method, the value increases
to 𝑓v,t,FE-S = 7.22 N/mm2, as shown in Fig. 9. The critical shear path
for the calculation method FE-S is located in the middle of the test
specimen, while it is at the edge of the specimen parallel to the bonded
steel bracket for the calculation method FE-P. The shear flow, however,
remains the same for both methods.

Therefore, the mean shear strength 𝑓𝑣,𝑡,𝑚 can be expressed with fac-
tors related to the shear strength parameter 𝑓𝑣,𝑡,𝑛 calculated according
to EN 408, see Table 8.

Regarding the literature, similar approaches can be found in the
work of Glasner et al. [50], where the rolling shear strength of tim-
ber was determined using the same calculation method for obtaining



Construction and Building Materials 423 (2024) 135651J. Frohnmüller and W. Seim
Fig. 8. Calculation method FE-C — Methodology for the prediction of the failure load, exemplarily depicted in the load–displacement diagram and development of the damage
parameter 𝐷 with exemplarily related crack surface of bond test V3-01.
Table 8
Modified, shear strength 𝑓𝑣,𝑡 for the calculation methods.

Calculation method 𝑓v,t [N/mm2]

Softwood Beech

AN 1.00 ⋅ 𝑓v,t,n 1.00 ⋅ 𝑓v,t,n
FE-S 1.18 ⋅ 𝑓v,t,n 1.18 ⋅ 𝑓v,t,n
FE-P 1.42 ⋅ 𝑓v,t,n 1.51 ⋅ 𝑓v,t,n

strength parameters as used in the later prognosis. Akter et al. [25] also
suggest a combination of experimental investigations and numerical
calculations to determine the strength parameters for the later-used
failure criterion. In the following, this approach is applied for deter-
mining the strength parameter of the shear strength of the timber. The
standardized proposed determination of the calculation parameters is
9

used for the strength parameters with pure tensile stress (𝑓t,90, 𝑓ct,surf)
or pure compressive stress (𝑓c,90).

The initial parameters 𝐺II
c,t and 𝑓v,t must be selected in a first step

for an in-depth analysis of the fracture parameters of the timber with
the calculation method FE-C. The value given by Jockwer et al. [34]
was used, which was determined for a mixed sample of solid wood and
glued laminated timber and can be regarded as particularly suitable
due to the large number of tests on the specific fracture energy of
softwood. Due to the sample of mixed-quality timber, the shear strength
associated with the specific fracture energy consequently corresponds
to the mean value 𝑓v,t,m = 5, 0 N/mm2 of the shear strength of solid
softwood according to Glos & Denzler [51] (𝑓v,t,m = 4, 0 N/mm2)
and glued laminated timber according to Schickhofer [52] (𝑓v,t,m =
6, 1 N/mm2).

Regarding the shear strength, the same value 𝑓v,t,m = 6.1 N/mm2

as for the FE-S calculation method is used as the initial parameter for
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Fig. 9. Determination of the strength parameter 𝑓v,t with the shear test acc. to EN 408 (a) FE-S (b) FE-C (parameters acc. to Table 9).
Table 9
Initial parameters for the cohesive zone in the FE-C calculation method for modelling
the shear test according to [28].

Wood type 𝐸t 𝐺t 𝑓t,z 𝑓v,t 𝐺I
c,t 𝐺II

c,t

[N/mm2] [N/mm]

Softwood 630 690 1.89 6.10 0.30 1.40
Beech 1030 970 5.50 11.00 1.39 2.53

the in-depth analysis of the FE-K calculation method for reasons of
comparability. Given that the fracture parameter 𝑓v and the specific
fracture energy 𝐺II

c are directly related by the linear cohesive law,
modifying only 𝑓v while assuming a constant value for 𝐺II

c may not
be consistent. Therefore, the specific fracture energy 𝐺II

c,t is modified
similarly as 𝑓v. The parameters of the cohesive zone, which are initially
chosen based on the literature data, are summarized in Table 9.

The result of the model with the parameters of Table 9 is a failure
load of 𝐹u,cal,b = 48.2 kN, see Fig. 9. With the knowledge of this
failure load and the load 𝐹 = 60.4 kN, which theoretically should
10

u,exp,n
Table 10
Modified fracture parameters in mode II — calculation method FE-C.
Wood type 𝑓v,t [N/mm2] 𝐺II

c,t [N/mm]

Softwood 1.25⋅𝑓v,t,m,n 0.23⋅𝑓v,t
Beech 1.36⋅𝑓v,t,m,n 0.23⋅𝑓v,t

be present for the strength parameter 𝑓v,t = 6.10 N/mm2 used, a
difference can be observed. This finding stands in line with Eisenhut’s
research [11], where a similar difference of 20% is evident when com-
paring the failure load calculated using the cohesive zone model with
the theoretical failure load according to EN 408. Rahman et al. [53]
also found a similar trend in their study of Mode-II specimens, where
specimens with an adhesive bondline exhibited about 20% higher
specific fracture energy compared to specimens made entirely of solid
timber without any adhesive bond. Regarding this study, this means
that the parameters underlying the calculation need to be increased
until the condition 𝐹u,exp,n = 𝐹u,cal,b = 60.4 kN is met. Accordance
between 𝐹u,exp,n and 𝐹u,cal,b is observed when both fracture parameters
were increased by 25% for softwood and 36% for beech, see Table 10.
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Fig. 10. Results — Comparison of the predicted and calculated failure load for the calculation method AN, FE-S and FE-P (a) All test values (b) Mean and median.
5. Validation

5.1. Results — Comparison of prediction and experiment

The results of the calculation methods are shown in Fig. 10 and
Fig. 11. The individual values and the strength parameters underlying
the failure criteria are summarized in Tables 11–14. Since the AN cal-
culation method does not include a Young’s modulus in the prediction
equations but only geometric quantities, some test series (e.g. test series
V4) can be combined.

Overall, there is a good agreement between the predictions and
the experimental results. Both the mean and the median of the linear
regression lines (‘‘Lin’’.) are close to the bisector for AN. The gradient
of the trend lines is 𝑚 = 0.91 for the mean and 𝑚 = 0.89 for the median,
which corresponds to a deviation of about 10% from the ideal gradient
of 𝑚 = 1.00.

The experimental results for FE-S indicate slightly higher failure
loads than predicted. The trend line of the experimental data lies above
the bisector with a gradient of 𝑚 = 0.93 for the mean and 𝑚 = 0.92
for the median. The deviation between calculation and experiment
decreases slightly with increasing failure load.

The deviation between prediction and experiment for FE-P is no-
ticeably larger than the previous calculation methods AN and FE-S.
However, the gradient of the regression line is nearly parallel to the
bisector with a value of 𝑚 = 1.02.

The experimental results for FE-C are slightly underestimated on
average. The regression line of the experimental data, similar to the
FE-S and FE-P calculation methods, lies above the bisector with a
gradient of 𝑚 = 1.16 for the mean and 𝑚 = 1.15 for the median. The
deviation between calculation and experiment tends to increase with
larger failure loads.

5.2. Further observations

Further observations are that the type of failure documented in
the tests agrees with the prediction. This becomes evident exemplarily
in the shear-normal stress diagram, exemplified for test series V1 in
Fig. 12a and for test series V5 in Fig. 12b. When constructing the failure
criterion for bond failure, it is noteworthy that the curves of test series
V1-01 are relatively close to each other, while in test series V5, the
concrete clearly governs the failure behavior.

Regarding FE-S, the FE model and the bond stresses for the test
series V7 are depicted in Fig. 13. The fact that the steel bracket is not
glued but only placed loosely on the bond specimens was considered
in the FE model by defining friction coefficients of 𝜂 = 0.5 for the
steel–timber contact condition and 𝜂 = 0.4 for the steel–concrete
11
contact condition. The modeling of the friction results in the main force
being transmitted through contact in the upper region of the specimen.
The steel bracket lifts off from the timber in the lower region of the
specimen, and a relative displacement between the concrete part and
the steel support in the top-left corner can also be seen. This results in
an uneven distribution of shear stresses in the adhesive zone compared
to the tests with glued steel brackets, which also becomes evident in the
shear-normal stress diagram shown in Fig. 13. The failure is primarily
influenced by a combination of shear and compressive stresses in the
concrete.

6. Conclusions

6.1. Bond strength

Based on the results, it can be observed that the AN calculation
method provides a quick and robust approach for predicting the bond
failure of ATCC specimens. Despite the comparatively rough assump-
tion of constant bond stresses along the adhesive joint, the experimental
results are neither significantly overestimated nor underestimated. The
FE-S calculation method, where the non-linear distribution of shear
and normal stresses perpendicular to the joint along the adhesive joint
are considered, also yields satisfactory results. The FE-P calculation
method, which considers only the shear stress peak and neglects normal
stresses, leads to an earlier attainment of the failure criterion compared
to FE-S and results in a stronger underestimation of the experimental
results. The FE-K calculation method allows for a more accurate repre-
sentation of the failure processes compared to the other methods, but it
also tends to underestimate the experimental results and can, therefore,
be assessed as conservative.

Furthermore, the results indicate that the agreement between cal-
culation methods and experimental results is not dependent on the
magnitude of the failure load, as the gradient of the regression lines
for AN and FE-S tends to decrease (m < 1.00), while it increases for
FE-P and FE-C (𝑚 > 1.00). Thus, it can be said that the agreement be-
tween prediction and experiment is more influenced by the calculation
method than the load level. Similar can be found regarding a potential
effect of the bond length, where no clear trend could be observed. Test
series with shorter bond lengths, such as V4 (𝑙b = 250 mm), show a
similar agreement with the predicted failure load as test series with
longer bond lengths, for example, V1, V3 (𝑙b = 270 mm), and V5-
02 (𝑙b = 320 mm). The same holds true for a potential bond width
effect, except for the individual test series V5-01 (𝑏b = 80 mm), where
the experimental results tend to be underestimated compared to the

prediction. Considering the agreement between test series V4 (𝑏b =
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Fig. 11. Results — Comparison of the predicted and calculated failure load for the calculation method FE-C (a) All test values (b) Mean and median.
25 mm) and V5-02 (𝑏b = 40 mm), as well as test series V1, V2, V3,
V6, and V7 (𝑏b = 50 mm), no bond width effect is evident.

6.2. Test methodology/testing procedure

The testing methodology for ATCC specimens differs fundamen-
tally from the approach used for mechanical connections, such as
bolts, screws, and notches. While the primary focus in mechanical
connections is on experimentally determining the connector stiffness,
denoted as 𝐾ser, for adhesive connections, the emphasis shifts towards
evaluating the functionality and adhesion properties of the adhesive.
When structural adhesives with a high modulus of elasticity and a
high shear strength, such as polymer mortars or highly filled epoxy
adhesives, are being used, a full bond can usually be assumed from the
12
start. Consequently, the bond failure can be clearly attributed to the
strength of the substrate materials — timber and concrete. Therefore,
the testing methodology should focus primarily on questions related
to the overall suitability of the adhesive, the associated application
technique, and the prevention of premature adhesion failure.

Before conducting bond tests, it is strongly recommended to ensure
that the essential material properties necessary for predicting the fail-
ure load are known. In particular, the concrete’s pull-off test is crucial
for determining its surface tensile strength, while information regarding
the properties of timber can usually be obtained from standards and
literature. With these strength parameters in hand, it becomes possible
to predict the failure load for a bond failure. Subsequently, the exper-
imental failure load obtained from the test can be used to validate the
prediction method. An additional advantage of employing the surface
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Fig. 12. Results of the calculation method AN in the shear-normal stress diagram and corresponding failure modes (a) Test series V1-01 (b) Test series V5-01 and V5-02.

Fig. 13. Results of calculation method FE-S in an abaqus visualization and in the shear-normal stress diagram for the experimental failure load 𝐹u,exp for the test series V7.
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Table 11
Predicted failure load and related strength parameters — Calculation method AN.

Test series 𝐹u,exp,b,m Strength parameters [N/mm2]a 𝐹u,cal,b[kN]b

[kN] 𝑓t,90,m 𝑓v,m 𝑓c,90,m 𝑓ctm,surf 𝐹u,cal,b,t 𝐹u,cal,b,c

V1 -01 95.0 1.89 5.24 3.24 2.59 89.0 95.0
-02 86.8 1.89 5.24 3.24 2.59 89.0 86.8
-03 91.2 1.89 5.24 3.24 2.60 89.0 92.6
-04 93.5 1.89 5.24 3.24 2.98 89.0 106.1
-05 91.4 1.89 5.24 3.24 3.03 89.0 107.9
-06 93.3 1.89 5.24 3.24 4.16 89.0 148.2

V2 109.3 1.89 6.10 3.24 – 105.5 –

V3 -01 106.9 1.89 6.50 3.24 3.25 113.2 115.8
-02 124.5 1.89 6.50 3.24 3.64 113.2 129.6

V4 -01 54.0 1.89 6.10 3.24 3.25 48.8 53.6
-02 53.0 1.89 6.10 3.24 4.07 48.8 67.1
-03 51.5 1.89 6.10 3.24 4.20 48.8 69.3
-04 48.9 1.89 6.10 3.24 3.16 48.8 52.1

V5 -01 109.5 1.89 4.40 3.24 1.99 132.9 125.9
-02 63.6 1.89 4.40 3.24 1.99 66.5 63.0

V6 -01 84.4 1.89 4.93 3.24 3.05 83.1 108.6
-02 84.4 1.89 4.93 3.24 3.05 83.1 108.6
-03 91.3 1.89 4.93 3.24 – 83.1 –

V7 -01 107.2 5.50 11.00 9.60 3.05 179.7 108.6
-02 107.2 5.50 11.00 9.60 3.05 179.7 108.6

a Italicized values were assumed based on data from relevant literature sources.
b The decisive failure load 𝐹u,cal,b = min(𝐹u,cal,b,t;𝐹u,cal,b,c) is highlighted.
Table 12
Predicted failure load and related strength parameters — Calculation method FE-S.

Test series 𝐹u,exp,b,m Strength parameters [N/mm2]a 𝐹u,cal,b [kN]b

[kN] 𝑓t,90,m 𝑓t,v,m 𝑓c,90,m 𝑓ctm,surf 𝐹u,cal,b,t 𝐹u,cal,b,c

V1 -01 95.0 1.89 1.18⋅5.24 3.24 2.59 93.7 81.7
-02 86.8 1.89 1.18⋅5.24 3.24 2.59 93.7 81.7
-03 91.2 1.89 1.18⋅5.24 3.24 2.60 93.7 82.1
-04 93.5 1.89 1.18⋅5.24 3.24 2.98 93.7 94.0
-05 91.4 1.89 1.18⋅5.24 3.24 3.03 93.7 95.6
-06 93.3 1.89 1.18⋅5.24 3.24 4.16 93.7 131.3

V2 109.3 1.89 1.18⋅6.10 3.24 – 101.5 –

V3 -01 106.9 1.89 1.18⋅6.50 3.24 3.25 115.3 102.6
-02 124.5 1.89 1.18⋅6.50 3.24 3.64 115.3 114.9

V4 -01 2EP 54.4 1.89 1.18⋅6.10 3.24 3.25 46.2 44.5
PM 61.8 1.89 1.18⋅6.10 3.24 3.25 45.3 43.9
PRF 45.8 1.89 1.18⋅6.10 3.24 3.25 46.4 44.6

-02 2EP 60.0 1.89 1.18⋅6.10 3.24 4.07 46.2 55.7
PM 50.7 1.89 1.18⋅6.10 3.24 4.07 45.3 55.0
PRF 48.3 1.89 1.18⋅6.10 3.24 4.07 46.4 55.8

-03 2EP 47.9 1.89 1.18⋅6.10 3.24 4.20 46.2 57.5
PM 53.3 1.89 1.18⋅6.10 3.24 4.20 45.3 56.7
PRF 53.4 1.89 1.18⋅6.10 3.24 4.20 46.4 57.6

-04 2EP 47.0 1.89 1.18⋅6.10 3.24 3.16 46.2 43.3
PM 49.1 1.89 1.18⋅6.10 3.24 3.16 45.3 42.7
PRF 50.5 1.89 1.18⋅6.10 3.24 3.16 46.4 43.4

V5 -01 109.5 1.89 1.18⋅4.40 3.24 1.99 141.4 114.3
-02 63.6 1.89 1.18⋅4.40 3.24 1.99 70.7 57.1

V6 -01 84.4 1.89 1.18⋅4.93 3.24 3.05 61.1 112.4
-02 84.4 1.89 1.18⋅4.93 3.24 3.05 62.8 119.9
-03 91.3 1.89 1.18⋅4.93 3.24 – 91.3 –

V7 -01 102.8 5.50 1.18⋅11.00 9.60 3.05 112.4 99.4
-02 112.2 5.50 1.18⋅11.00 9.60 3.05 118.8 100.4

a Italicized values were assumed based on data from relevant literature sources.
b The decisive failure load 𝐹u,cal,b = min(𝐹u,cal,b,t;𝐹u,cal,b,c) is highlighted.
tensile strength of the concrete as a strength parameter is that it can be
assessed directly on the construction site using the bond pull-off test as
part of potential quality assurance measures.

An essential next step in the experimental methodology for ATCC
is the performance of full-scale bending tests. These tests serve both
to validate the insights from the bond experiments and verify whether
14
the adhesive system is capable of compensating for irregularities be-
tween scaled timber sections and concrete slabs, establishing contin-
uous contact between timber and concrete. On this scale, it is further
possible to assess whether the gluing technique is robust and fulfills the
requirements from an economic perspective.
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Table 13
Predicted failure load and related strength parameters — Calculation method FE-P.

Test series 𝐹u,exp,b,m Strength parameters [N/mm2]a 𝐹u,cal,b[kN]b

[kN] 𝑓v,t,m 𝑓v,c,m 𝐹u,cal,b,t 𝐹u,cal,b,c

V1 -01 95.0 1.42⋅5.24 2.0⋅2.59 99.4 63.8
-02 86.8 1.42⋅5.24 2.0⋅2.59 99.4 63.8
-03 91.2 1.42⋅5.24 2.0⋅2.60 99.4 64.0
-04 93.5 1.42⋅5.24 2.0⋅2.98 99.4 73.4
-05 91.4 1.42⋅5.24 2.0⋅3.03 99.4 74.6
-06 93.3 1.42⋅5.24 2.0⋅4.16 99.4 102.5

V2 109.3 1.42⋅6.10 – 96.4 –

V3 -01 106.9 1.42⋅6.50 2.0⋅3.25 123.3 80.0
-02 124.5 1.42⋅6.50 2.0⋅3.64 123.3 89.6

V4 -01 2EP 54.4 1.42⋅6.10 2.0⋅3.25 48.7 36.9
PM 61.8 1.42⋅6.10 2.0⋅3.25 50.0 38.5
PRF 45.8 1.42⋅6.10 2.0⋅3.25 48.6 36.5

-02 2EP 60.0 1.42⋅6.10 2.0⋅4.07 48.7 46.2
PM 50.7 1.42⋅6.10 2.0⋅4.07 50.0 48.2
PRF 48.3 1.42⋅6.10 2.0⋅4.07 48.6 45.7

-03 2EP 47.9 1.42⋅6.10 2.0⋅4.20 48.7 47.6
PM 53.3 1.42⋅6.10 2.0⋅4.20 50.0 49.8
PRF 53.4 1.42⋅6.10 2.0⋅4.20 48.6 47.1

-04 2EP 47.0 1.42⋅6.10 2.0⋅3.16 48.7 35.8
PM 49.1 1.42⋅6.10 2.0⋅3.16 50.0 37.4
PRF 50.5 1.42⋅6.10 2.0⋅3.16 48.6 35.5

V5 -01 109.5 1.42⋅4.40 2.0⋅1.99 141.3 90.9
-02 63.6 1.42⋅4.40 2.0⋅1.99 70.6 45.5

V6 -01 84.4 1.42⋅4.93 2.0⋅3.05 57.21 57.2
-02 84.4 1.42⋅4.93 2.0⋅3.05 58.8 56.6
-03 91.3 1.42⋅4.93 – 85.4 –

V7 -01 102.8 1.42⋅11.00 2.0⋅3.05 139.6 53.5
-02 112.2 1.42⋅11.00 2.0⋅3.05 147.7 52.0

a Italicized values were assumed based on data from relevant literature sources.
b The decisive failure load 𝐹u,cal,b = min(𝐹u,cal,b,t;𝐹u,cal,b,c) is highlighted.
Table 14
Predicted failure load and related calculation parameters — Calculation method FE-C.

Test series 𝐹u,exp,b Calculation parametersa 𝐹u,cal,b

[kN] 𝑓 I
t [N/mm2] 𝑓 II

t [N/mm2] 𝐺I
c,t [N/mm] 𝐺II

c,t [N/mm] 𝑓 I
c [N/mm2] 𝑓 II

c [N/mm2] 𝐺I
c,c [N/mm] 𝐺II

c,c [N/mm] [kN]

V1 -01 95.0 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 2.59 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.1

-02 86.8 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 2.59 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.1

-03 91.2 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 2.60 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.2

-04 93.5 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 2.98 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.6

-05 91.4 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 3.03 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.7

-06 93.3 1.89 1.25⋅5.24 0.30 0.23⋅𝑓 II
t 4.16 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 80.8

V2 109.3 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t – – – – 94.8

V3 -01 106.9 1.89 1.25⋅6.50 0.30 0.23⋅𝑓 II
t 3.25 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 98.8

-02 124.5 1.89 1.25⋅6.50 0.30 0.23⋅𝑓 II
t 3.64 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 99.9

V4 -01 2EP 54.4 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.25 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.7

PM 61.8 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.25 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.1

PRF 45.8 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.25 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.9

-02 2EP 60.0 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.07 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.7

PM 50.7 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.07 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.2

PRF 48.3 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.07 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 46.0

-03 2EP 47.9 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.20 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.7

PM 53.3 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.20 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.2

PRF 53.4 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 4.20 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 46.0

-04 2EP 47.0 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.16 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.7

PM 49.1 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.16 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 44.9

PRF 50.5 1.89 1.25⋅6.10 0.30 0.23⋅𝑓 II
t 3.16 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 45.9

V5 -01 109.5 1.89 1.25⋅4.40 0.30 0.23⋅𝑓 II
t 1.99 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 105.8

-02 63.6 1.89 1.25⋅4.40 0.30 0.23⋅𝑓 II
t 1.99 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 52.9

V6 -01 87.3 1.89 1.25⋅4.93 0.30 0.23⋅𝑓 II
t 3.05 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 64.4

-02 80.2 1.89 1.25⋅4.93 0.30 0.23⋅𝑓 II
t 3.05 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 64.4

-03 91.3 1.89 1.25⋅4.93 0.30 0.23⋅𝑓 II
t – – – – 76.1

V7 -01 102.8 5.50 1.36⋅11.00 1.39 0.23⋅𝑓 II
t 3.05 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 79.9

-02 112.2 5.50 1.36⋅11.00 1.39 0.23⋅𝑓 II
t 3.05 2.0⋅𝑓 I

c 0.15 0.29⋅𝑓 I
c 79.9

a Italicized values were assumed based on data from relevant literature sources.
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