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Abstract

This paper presents an experimental investigation of a demountable hybrid timber–carbon-
reinforced concrete (CRC) wall system with a reversible mechanical connection detail based
on embedded transport anchors, screwed steel angle brackets, and full-thread screws. The
study addresses a wall concept in which a thin externally mounted CRC plate contributes
to lateral load transfer through discrete reversible connection points rather than through a
bonded or cast-in-place composite interface. Four full-scale wall specimens were tested
under horizontal shear loading and a nominal vertical preload of 92 kN in an adapted
in-plane shear test arrangement. The maximum horizontal loads ranged from 19.7 to
22.7 kN, with a mean value of 21.2 kN and a coefficient of variation of 5.9 %. For the
three specimens with complete displacement records, the head displacement at maximum
load ranged from 33.7 to 45.8 mm. The initial wall stiffness K0.05−0.15 ranged from 1.93
to 2.80 kN/mm, whereas the stiffness evaluated between 0.2 Fmax and 0.4 Fmax ranged
from 0.52 to 0.67 kN/mm. Normalized to the reference width of the tested configuration,
the maximum horizontal load was 15.8 to 18.2 kN/m. Damage initiated locally in the
CRC anchorage zones, especially at the corner anchors, and progressed from first cracking
to local concrete spalling. The governing failure mode was local concrete failure in the
anchorage zones, accompanied by deformation of the steel angle brackets, while no critical
damage was observed in the timber joints. The results demonstrate the feasibility of the
investigated reversible timber–CRC connection concept for transferring in-plane shear
forces in the tested configuration, but further tests are required before general design
recommendations can be derived.

Keywords: design for disassembly; timber–concrete hybrid wall; carbon-reinforced concrete;
CRC plate; reversible connection; transport anchors; in-plane shear test; full-scale test; damage
evolution; failure mode

1. Introduction
1.1. Ecological Motivation and Circular Construction

The building sector is under increasing pressure to reduce resource consumption,
waste generation, and greenhouse gas emissions. Recent reviews on circular economy
in the built environment show that the sector is still largely shaped by linear material
flows and that this remains one of the central barriers to a more sustainable construction
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practice [1,2]. In this context, circular construction is increasingly discussed as a strategy
to extend service life, reduce primary material demand, and retain the value of building
products and components over multiple use cycles [2,3]. However, the environmental
effectiveness of circular strategies depends not only on the choice of materials, but also on
whether building components can be maintained, separated, recovered, and reused with
limited loss of technical function [3,4].

Within this broader transition, Design for Disassembly (DfD) has become an important
design principle because it shifts the focus from end-of-life demolition to planned separa-
tion, recovery, and reuse. Systematic reviews and methodological studies on DfD emphasize
that circular construction requires more than a general intention to reuse components; it
requires compatible design decisions regarding accessibility, separability, standardization,
documentation, and reversible connections [5–8]. In particular, connection design is repeat-
edly identified as a key factor because connections determine whether components can be
detached without destructive demolition and whether they remain suitable for subsequent
use cycles [6,9]. This is especially relevant for prefabricated wall systems, where structural
performance, constructability, tolerances, transport, assembly, and recoverability must be
considered simultaneously.

From an ecological point of view, demountable wall systems are of particular interest
because they combine a large material share with a high potential for selective disassembly
and component reuse. At the same time, the environmental benefit of circular construction
cannot be assumed automatically. It depends on whether the building system is designed
in such a way that its elements can actually be detached, handled, inspected, and reused
without major damage or loss of function [3,4]. For load-bearing wall components, this
creates a direct link between circular construction and structural engineering: the interface
between individual layers or materials must be sufficiently robust to transfer forces during
service, but also sufficiently accessible and reversible to allow dismantling at the end of a
use phase.

Consequently, the development of wall systems with mechanically effective and
reversible interfaces is not only a structural challenge, but also a prerequisite for translating
circularity from a conceptual goal into a technically viable construction strategy. This
requirement becomes particularly demanding in hybrid systems, where different materials
must be connected in a way that enables force transfer, prefabrication, and later separation
at the same time.

1.2. Timber–Concrete Composite Construction

Timber–concrete composite construction combines a timber member and a concrete
layer by means of shear connectors so that both materials participate jointly in load transfer.
In this way, the tensile capacity, low self-weight, and prefabrication potential of timber
can be combined with the compressive strength and stiffness of concrete [10–12]. As a
result, timber–concrete composite systems are generally used to improve bending stiffness,
load-bearing capacity, vibration behavior, and acoustic and fire performance compared
with timber-only solutions [12,13]. The mechanical performance of such systems depends
strongly on the shear connection between timber and concrete, because connector stiffness,
strength, ductility, spacing, and long-term behavior control the degree of composite action
that can be mobilized [10,12,14,15].

In current practice and research, timber–concrete composite construction is used pre-
dominantly for horizontal members, especially floor systems and bridges. This is consistent
with the basic mechanical idea of composite action, in which timber mainly contributes
in tension and concrete in compression under bending [10,12,16]. This established field of
application is also reflected in earlier work by Holschemacher and Dehn, who described
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timber–concrete composite construction as being used primarily in floor systems [17]. Ex-
perimental and review studies further show that the field remains strongly focused on
beam- and floor-type systems, including the long-term behavior of composite floors and
beams with different connector types [12,13,18,19]. Even when in-plane action is inves-
tigated, the focus is commonly on horizontal floor or slab elements rather than on wall
elements acting as vertical shear-resisting components [20,21].

By contrast, the use of timber–concrete composite principles in wall elements is far
less common. Only a limited number of studies report in-plane tests on prefabricated
timber–concrete wall systems, such as the concrete–glulam framed panel investigated by
Destro et al. and later extended by Boscato et al. [22,23]. These studies are important
reference points because they demonstrate that timber–concrete composite wall concepts
are feasible in principle and that the interaction between timber frame, concrete layer,
and connection detail can contribute to in-plane wall behavior. At the same time, they
also underline that this remains a comparatively small research field compared with the
extensive body of work on floors and bridges.

A further distinction concerns reversibility. Many timber–concrete composite sys-
tems rely on cast-in, adhesive, notched, or otherwise integrated connection details that
are efficient for composite action but are not primarily designed for later disassembly
and reuse. Recent work on design for disassembly in hybrid timber–concrete structures
shows that reversible composite action is possible in principle, but also that the connection
concept becomes a central design issue when structural performance and deconstructabil-
ity are required simultaneously [9,24]. For wall systems, this requirement is particularly
demanding because the connection must transfer in-plane shear forces, accommodate local
force introduction, allow prefabrication and assembly tolerances, and remain accessible for
later dismantling.

Against this background, the transfer of timber–concrete composite thinking from
horizontal bending members to demountable wall systems with in-plane action remains a
relevant research gap. This applies especially to wall systems in which the concrete layer is
not cast monolithically onto the timber member, but is connected as a prefabricated plate
by individual reversible mechanical connection points.

1.3. Carbon-Reinforced Concrete and Thin CRC Plates

Carbon-reinforced concrete (CRC) is a concrete composite in which conventional steel
reinforcement is replaced by non-metallic reinforcement made of carbon fibers. Depend-
ing on the application, this reinforcement may be arranged as textile grids, grids with
impregnated rovings, or related reinforcement structures. In contrast to steel reinforcement,
carbon reinforcement is not susceptible to corrosion. As a result, CRC differs from conven-
tional reinforced concrete not only in the reinforcement material itself, but also in the way
durability, detailing, and component dimensions can be approached [25–27].

This change in reinforcement concept opens up a distinct design space. CRC is
commonly associated with lightweight and material-efficient construction because the
durability requirements that govern conventional steel-reinforced concrete do not apply in
the same way. At the same time, CRC is not simply a direct substitute for steel-reinforced
concrete. The mechanical behavior of textile- and carbon-reinforced concrete depends
strongly on the interaction between matrix, textile reinforcement, impregnation, and bond
behavior, especially where cracking, anchorage, and local force transfer govern the response
of slender elements [28–30]. Recent overview work has therefore emphasized that the
material system requires adapted design strategies, particularly for thin components and
for details involving local load introduction [26,27]. From this perspective, the relevance

https://doi.org/10.3390/app16157598

https://doi.org/10.3390/app16157598


Appl. Sci. 2026, 16, 7598 4 of 27

of CRC lies not only in reducing material consumption, but also in enabling new types of
prefabricated concrete components [31].

These characteristics are particularly important for thin CRC plates. In façade and
envelope applications, CRC has been used to realize lightweight panel systems with a low
self-weight and a high degree of prefabrication [32,33]. Further examples of thin-walled
textile-reinforced concrete components, including shell structures and façade elements,
show that non-metallic reinforcement allows concrete elements with small cross-sectional
dimensions and high material efficiency [34–36]. Such elements are attractive because
they combine geometric slenderness with the durability and surface quality of concrete.
For hybrid wall systems, thin CRC plates are therefore of interest as stiff and durable outer
layers that can be integrated into prefabricated assemblies.

At the same time, the use of thin CRC plates introduces specific engineering challenges.
The available depth for local load introduction and anchorage is limited, and connection
details cannot simply be transferred from conventional reinforced concrete practice. This
is particularly relevant when thin CRC plates are combined with a timber frame and are
expected to contribute to the in-plane response of a wall system. In such cases, the con-
nection concept becomes a central design issue, because the advantages of CRC as a thin
prefabricated plate element can only be utilized if reliable force transfer between the plate
and the supporting substructure is ensured.

For conventional concrete anchorage systems, shear loading close to a free edge is
known to produce local concrete edge breakout, pry-out, or steel failure, depending on
anchor type, embedment depth, edge distance, load direction, and reinforcement layout.
Experimental and analytical studies on shear-loaded anchors have shown that concrete
edge breakout is governed by tensile cracking of the concrete in front of the anchor and that
the resistance is strongly affected by edge distance, load eccentricity, group effects, and the
load–displacement behavior of the individual anchors [37–40]. For anchor groups, the load
distribution between individual anchors is not necessarily uniform; it depends on stiffness,
crack development, anchor spacing, edge geometry, and the deformation capacity of the
connection [38]. These findings are relevant for the present study because the embedded
transport anchors are located close to the vertical plate edges and are subjected to in-plane
shear forces introduced through discrete steel brackets.

Transport and lifting anchors form a related but distinct field. Standards and technical
rules for lifting inserts primarily address transient handling and lifting situations of precast
concrete elements, not permanent structural load transfer during the service life of a
building component [41,42]. In lifting applications, the load direction may range from
axial tension to diagonal pull and combined tension–shear action. Recent experimental
and numerical work on lifting anchors subjected to combined tensile and shear forces
confirms that the load angle significantly influences both ultimate load and stiffness and
that tension–shear interaction must be considered explicitly [43]. However, these studies
mainly refer to conventional precast concrete components and lifting situations. They do
not directly provide a design basis for the use of embedded transport anchors as permanent
in-plane shear-transferring connectors in thin CRC wall plates.

For thin textile- or carbon-reinforced concrete plates, the situation is even more specific.
The small plate thickness reduces the available anchorage depth and the concrete volume
that can be activated around a local fastener. Studies on fixings in thin textile-reinforced
concrete slabs have emphasized that punching, splitting, and concrete breakout must be
examined experimentally because conventional anchorage concepts cannot be transferred
directly to very thin non-metallically reinforced concrete elements [44]. Recent tests on
fasteners in carbon textile-reinforced concrete plates further show that the presence and
arrangement of textile reinforcement can increase the ultimate resistance and change the
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governing failure mode compared with plain concrete plates [45]. Direct fastening studies
in TRC also indicate that local load introduction, cracking, and plate thickness are decisive
for the achievable resistance of fastened thin concrete elements [46,47]. Nevertheless,
available studies still focus mainly on direct fastenings, pull-out behavior, or fastening
applications in façade-type plates. The in-plane shear transfer of embedded transport
anchors in thin CRC plates as part of a reversible timber–CRC wall system therefore
remains insufficiently investigated.

Previous studies on textile- and carbon-reinforced concrete have mainly addressed
material behavior, bond mechanisms, flexural behavior, tensile response, or thin-walled
component design [48–51]. By contrast, the behavior of discrete fasteners, anchors, or locally
embedded load-introduction elements in thin TRC or CRC plates has received considerably
less attention. Recent experimental studies on direct fastenings and fasteners in textile-
or carbon-reinforced concrete plates indicate that local load introduction can become
decisive for the structural response and that the surrounding concrete, reinforcement
layout, edge distances, and plate thickness strongly affect the achievable resistance and
failure mode [45–47]. This is especially relevant for reversible hybrid wall systems, where
the connection must transfer in-plane shear forces while avoiding through-fastening of the
exposed concrete surface and maintaining the possibility of later disassembly.

1.4. The KikE Project and Scope of the Present Study

The studies discussed above show that timber-based wall elements with mechanically
coupled layers can be designed and tested successfully under in-plane loading. However,
the available literature does not yet address a demountable timber–CRC wall system in
which thin CRC plates are connected to a timber frame by individual reversible mechanical
connection points along the plate edges, based on embedded transport anchors. Existing
timber–concrete composite wall studies provide important reference points for the feasibil-
ity of mechanically coupled hybrid wall elements [22,23], and related hybrid timber-frame
wall concepts demonstrate the relevance of connection-driven in-plane behavior [52]. Nev-
ertheless, the specific combination of a timber frame, thin CRC plates, local anchorage
zones, and a connection concept designed for dismantling and reuse remains insufficiently
investigated in the available literature.

Against this background, the German joint research project KikE developed a hybrid
wall module consisting of a timber frame and approximately 30 mm thin textile-reinforced
CRC plates connected by a reversible mechanical interface. The developed connection con-
cept uses transport anchors integrated into the plate edges, steel angle brackets, and screws
in order to provide force transfer between the timber frame and the CRC plates while
maintaining accessibility and reversibility of the joint [53]. The system was conceived as
a prefabricated wall element that combines circular construction requirements with the
load-bearing and durability-related advantages of a stiff outer CRC layer [53]. In contrast
to monolithic or cast-in timber–concrete composite systems, the CRC plate is not bonded or
cast directly onto the timber structure, but is attached by individual mechanical connection
points that remain accessible for later disassembly.

This connection principle introduces a specific structural problem. The global in-plane
shear response of the wall is governed not only by the stiffness of the timber frame and the
CRC plate, but also by the local load introduction at the embedded anchors, the deformation
of the steel brackets, and the interaction between the six individual connection points.
In addition, the small thickness of the CRC plate limits the available anchorage depth
and makes local concrete damage in the anchorage zones a potentially governing failure
mechanism. Therefore, full-scale testing is required to assess whether the developed
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connection concept can provide stable in-plane shear transfer at component level and how
local damage affects the global wall response.

The present paper focuses on the experimental assessment of this wall concept by
means of full-scale in-plane shear tests under nominally constant vertical preload. The ob-
jectives are to (i) characterize the global load–displacement response and the maximum
in-plane load under representative vertical preload, (ii) determine characteristic wall stiff-
ness values, including the stiffness evaluated according to EN 594, (iii) document crack
initiation, damage evolution, and the governing local failure modes in the CRC anchorage
zones, and (iv) assess post-peak load recovery, continued load transfer after local damage,
and the repeatability of the observed response. The study is limited to one wall geome-
try, one connection layout, and one vertical preload level. Consequently, the results are
intended to provide an experimental basis and mechanical interpretation for the inves-
tigated configuration, but not a general design model for all demountable timber–CRC
wall systems.

2. System Concept and Connection Detail
The investigated wall system consists of a load-bearing timber frame and an externally

mounted carbon-reinforced concrete (CRC) plate. The timber frame forms the primary
load-bearing substructure for vertical loads, while the CRC plate is intended to contribute
to the in-plane shear response of the wall. Both subsystems are mechanically coupled along
the vertical plate edges by individual connection points. The developed connection detail
is shown in Figure 1.

GSEducationalVersion

Transport anchor
Carbon-reinforced concrete

Clamping profile

Steel angle profile
Timber frame

Figure 1. Cross-section of the developed connection detail.

The connection detail was developed for thin CRC plates, for which conventional
through-fastening or deeply embedded connector solutions are not well suited. Through-
fastening would disturb the exposed concrete surface and would reduce the architectural
quality of the outer face. Deeply embedded connectors, in contrast, are difficult to realize in
a plate thickness of only approximately 30 mm and would limit the design freedom of the
thin CRC component. The adopted solution therefore uses transport anchors integrated into
the plate edges as accessible embedded load-introduction points. Steel angle brackets are
attached to these anchors and screwed to the timber frame, thereby forming the mechanical
interface between the CRC plate and the timber structure.

A nominal clearance of 10 mm was intentionally provided between the rear side of
the CRC plate and the timber frame. This clearance resulted from the use of 40 mm high
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steel angle brackets in combination with the 30 mm thick CRC plate. It was introduced to
accommodate unavoidable surface irregularities of the casting side of the concrete plate
and to avoid unintended contact, wedging, or constraint during assembly. Consequently,
direct bearing or frictional load transfer between the CRC plate and the timber frame was
not intended; the in-plane interaction was provided by the mechanical connection points.

The intended load path of the connection is therefore purely mechanical. In-plane
shear forces are first transferred within the timber frame to the screwed steel angle brackets.
From the timber frame, the forces are introduced through the full-thread screws into the
steel angle brackets and then transferred by the M10 bolts into the embedded transport
anchors. The transport anchors finally introduce the forces locally into the surrounding
CRC plate in the anchorage zones, where the additional carbon textile reinforcement is
intended to support local force transfer and crack control. Consequently, the structural
response of the wall is governed not only by the global stiffness of the timber frame and the
CRC plate, but also by the local load introduction at the six individual connection points
and by the deformation capacity of the steel brackets.

In the present study, the transport anchors are not treated as conventional lifting
devices for temporary handling only, but as experimentally investigated load-introduction
elements within a reversible wall connection. Their suitability for permanent in-plane shear
transfer is therefore not assumed a priori. Instead, the full-scale tests presented in this
paper are used to assess whether the developed connection concept can transfer in-plane
forces at component level and how local damage in the anchorage zones affects the global
wall response.

3. Specimen Description and Structural System
The experimental program comprised four identical full-scale wall specimens rep-

resenting the developed hybrid timber–CRC wall system. Each specimen consisted of a
timber frame and one externally mounted carbon-reinforced concrete (CRC) plate. The two
subsystems were connected along the two vertical plate edges by six individual mechanical
connection points. The overall geometry and the arrangement of the main components are
shown in Figure 2, while the reversible mechanical connection is detailed in Figure 3.

The timber frame had an overall height of H = 2.39 m and an overall width of
B = 1.71 m. It was composed of a continuous sill member, a continuous top plate, and ver-
tical studs arranged at a spacing of a = 625 mm. The frame members had a cross-section
of 100 × 140 mm. The studs were made of spruce structural solid timber, corresponding
to the German product designation KVH in non-visible quality (NSi), whereas the sill
member and the top plate were made of oak timber. No specimen-specific mechanical
characterization was performed for the timber members. The larger frame width, compared
with the width of the CRC plate, resulted from the overhang of the sill member and top
plate beyond the outer studs in order to keep the timber corner joints unobstructed.

The CRC plate measured 1.21 m × 2.37 m and had a nominal thickness of 30 mm.
It was produced from a fine-grained concrete matrix designed for a target strength class
of C50/60 and reinforced with carbon textile grids. The main reinforcement consisted of
solidian GRID Q47-CCE-38, while solidian GRID Q95-CCE-38 was additionally provided
locally in the anchorage zones. The relevant manufacturer data of both carbon textile
reinforcements are summarized in Table 1. These data are used for product identification
and for the mechanical interpretation of the observed cracking and local anchorage-zone
damage; the textile reinforcement itself was not tested separately within the present study.
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Figure 2. Geometry and main components of the full-scale timber–CRC wall specimen. Section A-A
marks the sectional view through the reversible connection detail.
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Table 1. Manufacturer data of the carbon textile reinforcement used in the CRC plates. Both products
are symmetrical bidirectional CFRP grids with epoxy resin impregnation.

Property Unit GRID Q47-CCE-38 GRID Q95-CCE-38

Grid spacing mm 38 38
Nominal diameter mm 2.37 3.35
Nominal cross-sectional area per strand mm2 4.4 8.8
Nominal cross-sectional area per metre mm2/m 116 232
Fiber cross-sectional area per metre mm2/m 47 95
Weight per unit area g/m2 309 559
Young’s modulus related to nominal cross-section MPa 99,000 97,000
Characteristic short-term tensile strength related to
nominal cross-section MPa 1250 1200

Characteristic elongation at failure 10−3 ≥12.6 ≥12.4
Characteristic tensile force per metre width kN/m 145 278

The nominal mix composition of the fine-grained concrete matrix is summarized in
Table 2. The small amount of quartz sand 0–1 mm was added intentionally to adjust
the grading curve and to compensate for the comparatively low fine-particle content of
the available sand fraction. In addition to the nominal mix composition, the relevant
mechanical properties of the fine-grained concrete were determined at an age of 28 days.
The flexural tensile strength was determined first on prismatic specimens with dimensions
of 40 × 40 × 160 mm; the resulting prism halves were subsequently used for compressive
strength testing. The modulus of elasticity was determined on cylindrical specimens with a
diameter of 100 mm and a height of 200 mm. The measured compressive strength, flexural
tensile strength, and modulus of elasticity are summarized in Table 3. These values are
used to characterize the concrete matrix of the CRC plates and to support the interpretation
of the local damage observed in the anchorage zones.

Table 2. Nominal mix composition of the fine-grained concrete matrix used for the CRC plates.

Constituent Description Quantity

Cement CEM I 52.5 R 450 kg/m3

Fine aggregate Quartz sand 0–1 mm 17.7 kg/m3

Fine aggregate Quartz sand 0–2 mm 680 kg/m3

Aggregate Quartz sand 2–8 mm 960 kg/m3

Filler Limestone powder 112.5 kg/m3

Water Mixing water 189 kg/m3

Superplasticizer PCE-based 2.7 kg/m3

Mechanical coupling between the timber frame and the CRC plate was realized by
six steel angle brackets arranged exclusively along the two vertical plate edges, with three
brackets per side. At each side, one long bracket was placed near the upper corner and
one near the lower corner, while one shorter bracket was positioned at mid-height. No
brackets were arranged along the top or bottom plate edges. The long brackets were made
from structural steel sheet with a nominal U-shaped geometry of 40 × 40 × 4 mm and
had a length of 350 mm; the middle brackets had the same cross-section and a length of
150 mm. Since the bracket height of 40 mm exceeded the nominal CRC plate thickness
of 30 mm, a planned clearance of approximately 10 mm remained between the rear side
of the CRC plate and the timber frame. This clearance was intended to compensate for
surface irregularities of the casting side of the CRC plate and to facilitate assembly without
unintended contact between concrete and timber.
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Table 3. Measured mechanical properties of the fine-grained concrete used for the CRC plates at an
age of 28 days.

Property and Test Standard Symbol Result

Compressive strength according to EN 12390-3 fcm 67.9 ± 3.85 MPa
Flexural tensile strength according to EN 12390-5 fct,fl 10.0 ± 0.55 MPa
Modulus of elasticity according to EN 12390-13 Ecm 35.6 ± 0.41 GPa

The brackets were connected to the CRC plate via integrated transport anchors and to
the timber frame via screws. In total, six HALFEN HD-SL30 transport anchors were used as
load-transferring connection points. In addition, two further anchors were installed in the
CRC plate for handling and assembly purposes but were not part of the shear-transferring
connection system. The steel brackets were fastened to the anchors by one M10 × 30 mm
bolt of strength class 8.8 per bracket. The corner brackets were connected to the timber
frame by four HBS PLATE HBSPL10100 full-thread screws (Rothoblaas, Cortaccia, Italy)
each, whereas the shorter middle brackets CP2 and CP5 were connected by one full-thread
screw each. The main materials and connection components used for the specimens are
summarized in Table 4.

Table 4. Main materials, connection components, and relevant geometric details used for the full-scale
wall specimens. Manufacturer data are given for product identification; the timber members and
steel brackets were not tested separately.

Component/Detail Product/Material Main Specification Note

CRC plate Fine-grained CRC 1.21 m × 2.37 m × 30 mm Own production
Main carbon textile solidian GRID Q47-CCE-38 Bidirectional CFRP grid, s = 38 mm Manufacturer data
Additional carbon textile solidian GRID Q95-CCE-38 Bidirectional CFRP grid, s = 38 mm Manufacturer data

Embedded anchor HALFEN HD-SL30 Transport anchor, M10 thread,
length 300 mm Manufacturer data

Steel bracket Structural steel sheet U-shaped bracket, 40 × 40 × 4 mm Nominal geometry

Planned clearance Geometric connection detail Approximately 10 mm between rear
side of CRC plate and timber frame

Resulting from 40 mm bracket
height and 30 mm CRC
plate thickness

Bolt anchor–bracket Hexagon bolt M10 × 30 mm, strength class 8.8 Manufacturer data

Timber screws Rothoblaas HBS PLATE
HBSPL10100

Full-thread screw, d = 10 mm,
l = 100 mm Manufacturer data

Studs Spruce structural solid timber Cross-section 100 × 140 mm No specimen-specific mechanical
characterization was performed

Sill member and top plate Oak timber Cross-section 100 × 140 mm No specimen-specific mechanical
characterization was performed

The embedded anchors listed in Table 4 were HALFEN HD-SL30 socket lifting anchors
(HALFEN GmbH, Langenfeld, Germany). According to the manufacturer’s technical
product information, this anchor system was developed for thin fibre-reinforced precast
concrete elements with a minimum element thickness of 30 mm and consists of a threaded
sleeve and reinforcement bar made of stainless steel [54]. The anchor used in the present
specimens corresponds to load class 0.8 with an M10 internal thread, an external diameter
of 14.1 mm, a total length of 300 mm, and a thread depth of 17 mm [54]. The exact
stainless-steel grade as well as the yield strength and ultimate tensile strength of the
embedded HD-SL30 anchors were neither determined experimentally nor specified in the
product information available to the authors; therefore, these values are not used in the
mechanical interpretation of the tests. For lifting applications, the manufacturer specifies
load capacities of 8.0 kN for axial pull and 6.4 kN for diagonal pull up to 30◦, provided
that the concrete compressive strength is at least 50 N/mm2 and the edge distance is
300 mm [54,55]. A related HALFEN FPA SL30 facade-panel anchorage system is covered
by the German technical approval/general construction technique permit Z-21.8-2067 [56].
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However, this approval does not cover the present use of HD-SL30 transport anchors as
permanent in-plane shear-transferring connectors in a timber–CRC wall system. Therefore,
the manufacturer and approval data are used here only for product identification, detailing
context, and delimitation from approved facade-panel anchorage applications; the shear
resistance of the investigated connection is derived exclusively from the experimental
results presented in this study.

From a structural point of view, the tested specimen can be described as a mechan-
ically coupled wall element in which the timber frame forms the primary load-bearing
substructure and the externally mounted CRC plate acts as a connected stiffening compo-
nent. The in-plane interaction between both subsystems was established solely through the
six individual mechanical connection points along the vertical plate edges described above.

4. Experimental Setup and Test Protocol
4.1. Test Arrangement and Boundary Conditions

Because the wall specimens were tested in a horizontal position, the terms vertical and
horizontal refer to the wall in its service orientation and not to the laboratory coordinate
system of the test setup. The horizontal test arrangement was chosen because it allowed
the large-scale wall specimens to be tested on the available reinforced concrete reaction
floor with controlled anchorage and load introduction. A vertical racking test frame with
comparable capacity and boundary-condition control was not available for the present
test series. Consequently, the tests were designed as adapted full-scale in-plane shear tests
rather than as conventional upright racking tests.

The full-scale wall specimens were tested in a horizontal position on a reinforced con-
crete reaction floor with integrated anchorage points. The test arrangement was developed
to investigate the in-plane shear response of the wall elements under a nominally constant
vertical preload combined with a gradually increasing horizontal load. The experimental
procedure was based on the general evaluation principles of EN 594 [57] and ISO 21581 [58],
while the setup and loading protocol were adapted to the specific geometry and connection
concept of the investigated hybrid wall system.

The specimens were supported at the sill member. In this region, the wall was fixed
against horizontal displacement in the loading direction and against vertical downward
movement by means of a continuous surface support. The specimen rested flat on the reac-
tion floor on a foil–fleece interlayer in order to reduce friction and to minimize unintended
restraint of the global deformation. The interlayer was used to reduce, but not completely
eliminate, friction between the specimen and the support surface; the residual friction was
not quantified separately. The test setup itself was braced against the anchorage points of
the reaction floor. No additional out-of-plane stabilization was provided during testing.
The full-scale test setup and the load-introduction detail are shown in Figure 4.

A nominally constant vertical preload of Nv = 92 kN was applied to the top plate
by two hydraulic loading cylinders in order to provide a stabilizing compressive force
and to prevent premature uplift of the sill member during horizontal loading. The load
introduction points were equipped with large roller bearings so that vertical loading
could be maintained while allowing horizontal deformation of the specimen with minimal
restraint. Steel plates were placed between the timber member and the roller bearings in
order to prevent local indentation of the wood and to avoid deformation-induced constraint
at the load introduction points.

The horizontal shear load was introduced by a third hydraulic loading cylinder directly
into the projecting part of the top timber frame, acting in the longitudinal direction of the
member. The line of action of the horizontal loading cylinder was aligned with the in-plane
direction of the wall specimen and introduced at the level of the top timber member. Thus,
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the horizontal load was applied to the timber frame rather than directly to the CRC plate,
and the force was transferred into the CRC plate only through the discrete bracket–anchor
connections. Possible small eccentricities resulting from construction tolerances, the finite
thickness of the wall build-up, or the offset between the load introduction into the timber
frame and the mid-plane of the CRC plate were not measured separately and may have
influenced the local force distribution between the connection points. The tests were
carried out under load control. During the tests, small fluctuations of the vertical preload
occurred as a result of increasing horizontal deformation and the manual hydraulic load
control. The vertical forces were monitored continuously by the load cells at the two vertical
cylinders and were manually readjusted when necessary in order to keep the preload close
to the target value. The recorded preload variation is reported together with the test results.

(a) Overall test setup. (b) Detail of the hydraulic loading cylinder.

Figure 4. Full-scale test setup and detail of load introduction.

4.2. Derivation of Vertical Preload and Estimated Maximum Load

The loading protocol required an estimated maximum horizontal load before the
full-scale wall tests were carried out. This value is denoted as Fmax,est in the following and
was used only to define the load levels of the preliminary loading cycles. It is therefore
not a measured test result and must be distinguished from the experimentally determined
maximum load Fmax.

The estimate was based on previous component-level tests on the selected connection
concept. These tests were carried out on embedded transport anchors in thin carbon-
reinforced concrete plates with comparable concrete matrix, carbon textile reinforcement,
anchor type, and local load-introduction detail. In the relevant test series with one transport
anchor and additional carbon textile reinforcement in the anchorage zone, a mean maximum
load of approximately Fconn,est = 20.3 kN was obtained [59]. This value was used as a
simplified estimate of the load-carrying capacity of one effective connection point for the
pre-test assessment. It was not used as a design resistance.

A simplified equilibrium model was then used to derive the expected maximum
horizontal load of the wall specimen, see Figure 5. The horizontal load Fh was assumed
to generate an overturning moment over the effective height heff = 2.29 m. This moment
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was assumed to be resisted by a force couple between the connection points along the two
vertical plate edges. The effective lever arm of this force couple was taken as the effective
plate width beff = 1.21 m. For this estimate, only the two corner connection points per
side were considered as effective. The middle connection points CP2 and CP5 were not
included in the estimate, because they were primarily introduced to reduce the free edge
length of the CRC plate and were connected to the timber frame by only one full-thread
screw each. They were therefore expected to be considerably more flexible than the corner
connection points.

GSEducationalVersion

Nv/2 Nv/2
Fh

Rh

CP1

CP2

CP3 CP6

CP5

CP4

beff = 1.21

h e
ff =

 2
.2

9

- Fconn,est = 20.3 kN
- neff = 2 per side
- CP2/CP5 secondary, not 
   considered in estimate

Figure 5. Simplified equilibrium model used for the pre-test estimation of the maximum horizontal
load Fmax,est and the required vertical preload Nv.

With neff = 2 effective connection points per side, the estimated maximum horizontal
load was calculated from moment equilibrium as

Fmax,est =
neff · Fconn,est · beff

heff
. (1)

Substitution of the assumed values gives

Fmax,est =
2 · 20.3 kN · 1.21 m

2.29 m
= 21.5 kN. (2)

The vertical preload was then selected to prevent premature uplift of the sill member
during horizontal loading. For this purpose, a second simplified moment equilibrium was
considered. The stabilizing moment provided by the vertical preload was related to the
lever arm beff/2, resulting in the minimum required vertical preload

Nv,min =
Fmax,est · heff

beff/2
. (3)
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Using the estimated maximum horizontal load gives

Nv,min =
21.5 kN · 2.29 m

1.21 m/2
= 81.2 kN. (4)

For the full-scale tests, the vertical preload was rounded up and set to

Nv = 92 kN. (5)

This corresponds to a margin of approximately 13 % relative to the calculated minimum
value. The preload was applied by two hydraulic cylinders and was therefore introduced
as Nv/2 = 46 kN at each load introduction point. The value was chosen to provide a stable
boundary condition for the in-plane shear test and to avoid premature uplift of the sill
member. It should therefore be understood as a test-specific stabilizing preload rather than
as a complete representation of all vertical actions in a building.

4.3. Loading Protocol

The loading protocol followed a staged procedure based on the estimated maximum
horizontal load Fmax,est. With Fmax,est = 21.5 kN, the preliminary load levels corresponded
to approximately 2.2 kN and 8.6 kN. First, an initial loading cycle up to approximately
0.1 Fmax,est was applied, followed by a hold time of 120 s and a recovery period of 600 s.
Subsequently, a second loading cycle up to approximately 0.4 Fmax,est was carried out,
followed by a hold time of 300 s and a recovery period of 600 s. After these preliminary
loading cycles, the specimens were loaded again to approximately 0.4 Fmax,est, held for
300 s, and then loaded continuously until failure. The test was terminated when a clear
failure state had developed after the maximum load had been passed, or when a horizontal
head displacement of 100 mm was reached. The schematic loading protocol is shown in
Figure 6.

0.1

0.4

1.0

a b c
Loading sequence

F/Fmax,est

Figure 6. Schematic loading protocol used for the in-plane shear tests, adapted from ISO 21581 [58].

4.4. Instrumentation and Evaluation Quantities

The experimental instrumentation comprised force and displacement measurements
at both global and local level (the arrangement is shown in Figure 7). The horizontal load
was recorded by the load cell LC-H, while the vertical preload was recorded by the two load
cells LC-V1 and LC-V2 at the vertical hydraulic cylinders. The global deformation of the
timber frame was measured by inductive displacement transducers LVDT-H1 to LVDT-H3
arranged at different positions over the specimen height. In addition, uplift or vertical
movement of the sill member at the left and right boundary zones was monitored by the
displacement transducers LS1 and LS2. The deformation of the CRC plate was recorded
along both diagonals by the cable-extension transducers CEX-D1 and CEX-D2 in order to

https://doi.org/10.3390/app16157598

https://doi.org/10.3390/app16157598


Appl. Sci. 2026, 16, 7598 15 of 27

capture the global in-plane deformation of the plate. Furthermore, local crack-opening
displacements in selected anchorage zones were measured by inductive displacement
transducers COD-1 and COD-2 placed across the expected crack path. The sensor types,
nominal measuring ranges, and relevant manufacturer specifications are summarized in
Table 5.

GSEducationalVersion

total vertical preload 
Nv=92 kN

horizontal 
shear load Fh

Continuous sill support

Horizontal 
reaction 
support Rh

LVDT-H1CEX-D1 - D2:
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transducers

Nv/2Nv/2

roller support for 
vertical preload
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V
er
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    CP1 - CP6:
individual con-
nection points

CP1
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CP3

CP4

CP5

CP6

LVDT-H1 - H3:
horizontal displace-
ment transducers

LVDT-H2

LVDT-H3

LC-V1 - V2:
vertical load cells

LC-V1 LC-V2
LC-H

LC-H:
horizontal load cell

COD-1 - 2:
local crack-opening
displacement 
transducers

COD-1

COD-2

LS1 - 2:
sill support transducers

LS2
LS1

Figure 7. Test setup, support conditions, load introduction, and measurement concept. Vertical and
horizontal refer to the wall in its service orientation.

For the evaluation of the wall response, the horizontal head displacement was used
as the governing deformation quantity. Based on the recorded global horizontal load–
head displacement curves of the wall specimens, the maximum horizontal load Fmax and
characteristic wall stiffness values were determined. In accordance with the evaluation
approach of EN 594 and ISO 21581, the wall stiffness was determined from the global load–
displacement curve between the load levels 0.2 Fmax and 0.4 Fmax. Because the test setup
was adapted to a horizontal arrangement and to the specific hybrid wall configuration,
the stiffness values are used as global comparative wall stiffness values. They should not
be understood as the result of a complete standardized EN 594 wall test.
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Table 5. Instrumentation used for force and displacement measurements.

Sensor ID Measured Quantity Sensor Type Nominal Range Relevant Specification

LC-H Horizontal load

HBK/HBM C6R force
transducer (Hottinger
Brüel & Kjær GmbH,
Darmstadt, Germany)

500 kN

Accuracy class 0.5; nominal
output 2 mV/V;
repeatability error 0.1 % for
500 kN; hysteresis at
0.5Fnom up to 0.5 %;
non-linearity up to
0.4–1.0 % depending on
load application; creep
0.06 %; 6-wire circuit [60].

LC-V1, LC-V2 Vertical preload

HBK/HBM C6R force
transducers (Hottinger
Brüel & Kjær GmbH,
Darmstadt, Germany)

500 kN each
Same specification as LC-H;
vertical preload evaluated
as Nv = LC-V1 + LC-V2.

CEX-D1, CEX-D2 Diagonal deformation
of CRC plate

ASM
WS1.1-500-10V-L10
cable-extension sensors
(ASM Automation
Sensorik Messtechnik
GmbH, Moosinning,
Germany)

0–500 mm

Voltage output 0–10 V;
linearity class L10,
corresponding to ±0.10 %
F.S. (±0.50 mm); protection
class IP50 [61].

COD-1, COD-2 Local crack-opening
displacement

HBM 1-WA/20MM-T
inductive displacement
probes (Hottinger Brüel
& Kjær GmbH,
Darmstadt, Germany)

0–20 mm

Nominal output 80 mV/V;
linearity deviation up to
±0.2 % F.S.
(±0.04 mm) [62].

LS1, LS2 Vertical movement of
sill member

HBM 1-WA/20MM-T
inductive displacement
probes (Hottinger Brüel
& Kjær GmbH,
Darmstadt, Germany)

0–20 mm Same specification as
COD-1 and COD-2.

LVDT-H1 Horizontal
displacement

HBM 1-WA/100MM-T
inductive displacement
probe (Hottinger Brüel
& Kjær GmbH,
Darmstadt, Germany)

0–100 mm

Nominal output 80 mV/V;
linearity deviation up to
±0.2 % F.S.
(±0.20 mm) [62].

LVDT-H2, LVDT-H3 Horizontal
displacement

HBM 1-WA/50MM-T
inductive displacement
probes (Hottinger Brüel
& Kjær GmbH,
Darmstadt, Germany)

0–50 mm

Nominal output 80 mV/V;
linearity deviation up to
±0.2 % F.S.
(±0.10 mm) [62].

5. Results and Discussion
5.1. Global Load–Displacement Response and Preload Stability

The global response of the tested wall specimens was characterized by uniform load–
displacement behavior. Complete displacement data were available for specimens V2,
V3, and V4, whereas the displacement recording of specimen V1 was incomplete due to a
measurement failure. However, specimen V1 showed a comparable damage pattern and
reached a maximum load in the same range as the other tests. The load–displacement
curves of specimens V2 to V4 are shown in Figure 8. The maximum horizontal loads
ranged from 19.7 to 22.7 kN. For the specimens with complete displacement data, the head
displacement at maximum load ranged from 33.7 to 45.8 mm.

The recorded vertical preload remained close to the target value of Nv = 92 kN. Across
the test series, the preload varied between 86 and 94 kN, corresponding to a maximum
deviation of approximately 7 % from the target value. Minor variations occurred during
increasing horizontal deformation and were caused by the interaction between specimen de-
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formation and the manually controlled hydraulic loading system. The comparable preload
histories confirm that the specimens were tested under similar vertical boundary conditions.
The recorded vertical preload histories are shown in Figure 9.
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Figure 8. Load–displacement curves of specimens V2, V3, and V4 (LVDT-H1).
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Figure 9. Recorded vertical preload Nv during the full-scale wall tests. The preload was calculated as
the sum of the two vertical load cells LC-V1 and LC-V2. The dashed horizontal line indicates the
target preload of Nv = 92 kN.

The measured curves exhibit an initially increasing but distinctly nonlinear response.
Even before the first pronounced load drop, the stiffness decreased progressively with
increasing load level. After reaching the maximum load, a marked load drop occurred,
indicating the onset of local damage in the connection zones. With further increasing head
displacement, the load increased again, although the previously attained maximum load
was not reached anymore. This behavior occurred repeatedly and resulted in a characteris-
tic saw-tooth-shaped post-peak response. The global behavior therefore shows that local
damage events did not immediately lead to a loss of overall load-bearing capacity. The re-
peated post-peak load recovery is consistent with the continued activation of remaining
load-transfer mechanisms within the wall system.
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5.2. Maximum Load, Stiffness, and Repeatability

Two stiffness values were evaluated to characterize the nonlinear wall response.
The stiffness K0.2−0.4 follows the evaluation range commonly used in EN 594 and ISO 21581,
whereas K0.05−0.15 was additionally introduced to quantify the initial stiffness in the lower
load range. Both stiffness values were derived from the global horizontal load–head dis-
placement relationship and therefore represent wall specimen stiffness rather than the local
stiffness of the individual connection devices:

K0.2−0.4 =
F4 − F2

v4 − v2
, (6)

where F2 = 0.2 Fmax, F4 = 0.4 Fmax, and v2 and v4 are the corresponding head displace-
ments. In addition, a second wall stiffness value was evaluated in the lower load range
between 0.05 Fmax and 0.15 Fmax in order to describe the pronounced initial nonlinearity of
the response:

K0.05−0.15 =
F0.15 − F0.05

v0.15 − v0.05
, (7)

where F0.05 = 0.05 Fmax, F0.15 = 0.15 Fmax, and v0.05 and v0.15 are the corresponding head dis-
placements.

The comparison of both stiffness values shows that the wall response was already
nonlinear in the early loading stage. The stiffness in the range 0.05 Fmax to 0.15 Fmax

was consistently higher than the EN 594-related stiffness evaluated between 0.2 Fmax and
0.4 Fmax. This confirms the progressive stiffness reduction that is visible in the global load–
displacement curves before the maximum load is reached. The characteristic test results of
the investigated wall specimens are summarized in Table 6.

Table 6. Characteristic test results of the investigated wall specimens. Mean value, standard deviation
(SD), and coefficient of variation (CoV) are given for the available data.

Parameter V1 V2 V3 V4 Mean SD CoV
[%]

Fmax [kN] 20.9 19.7 22.7 21.3 21.2 1.2 5.9
uh at Fmax [mm] – 45.8 45.1 33.7 41.5 6.8 16.4
K0.05−0.15 [kN/mm] – 1.93 2.29 2.80 2.34 0.44 18.7
K0.2−0.4 [kN/mm] – 0.52 0.59 0.67 0.59 0.08 12.7

Note: For specimen V1, the horizontal load signal was available, whereas the displacement recording was
incomplete. Therefore, V1 was considered for Fmax and the observed failure mode, but excluded from all
displacement- and stiffness-dependent evaluations.

For specimen V1, the horizontal load signal recorded by load cell LC-H was avail-
able throughout the test, so that the maximum horizontal load Fmax = 20.9 kN could
be determined. However, the displacement recording for this specimen was incomplete.
Consequently, V1 was included only in the evaluation of the maximum horizontal load and
the visually observed failure mode, but was excluded from all displacement-dependent
quantities, including the head displacement at maximum load and the stiffness values
K0.05−0.15 and K0.2−0.4. The maximum horizontal load showed a mean value of 21.2 kN and
a coefficient of variation of 5.9 %, indicating low scatter in load-bearing capacity within the
limited test series. The displacement-dependent quantities showed larger scatter, particu-
larly the head displacement at maximum load and the initial stiffness, which reflects the
pronounced nonlinear response and the sensitivity of the early deformation range.

The experimentally determined maximum loads were close to the pre-test estimate
Fmax,est = 21.5 kN. This confirms that the simplified estimate was suitable for defining
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the preliminary loading levels, but it should not be interpreted as validation of a general
design model.

Within the scope of the present series, the investigated wall configuration showed low
scatter in maximum horizontal load and a comparable governing failure mode. The larger
scatter in displacement-dependent quantities is attributed to the nonlinear deformation be-
havior and the progressive local damage development before and after the maximum load.

5.3. Damage Evolution and Local Crack Opening

The observed damage development was similar in all four tests. First visible cracks
occurred in the CRC plate in the anchorage zones of the embedded transport anchors. These
cracks initiated at the plate edge and propagated toward the plate interior. In particular,
the corner anchors were affected first. With increasing horizontal deformation, crack
length and crack width increased continuously. At later stages of loading, comparable
cracking was also observed at the middle anchors. The initially local cracks gradually
developed into more pronounced damage zones. Only at larger displacements, typically
after renewed temporary load increases in the post-peak range, did local concrete spalling
occur, with concrete fragments detaching above or below the anchorage zone.

A representative load–displacement curve of specimen V3 with the corresponding dam-
age stages is presented in Figure 10. The sequence illustrates the transition from first cracking
at the corner anchors to progressive crack growth and finally to local concrete spalling.
The correlation between the local damage events and the repeated load drops supports
the interpretation that the post-peak response was governed by successive local failures of
individual connection zones rather than by a sudden global collapse of the wall specimen.
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Figure 10. Representative load–displacement curve of specimen V3 and corresponding damage
stages in the anchorage zone of the CRC plate (COD-2). (a) Representative load–displacement curve
of specimen V3 with marked damage stages. (b) No visible cracking during the initial low-load
cycle. (c) Hairline crack visible in the anchorage zone during the second preliminary loading cycle.
(d) Further crack growth in the anchorage zone at a load level close to the maximum load. (e) Local
concrete spalling in the anchorage zone after continued loading in the post-peak range, shortly
before unloading.
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The local crack opening measurements in the anchorage zone of a representative
corner anchor, shown in Figure 11, further support this interpretation. The recorded crack
opening increased nonlinearly with head displacement and exhibited distinct increments
associated with the observed local damage progression. These local measurements support
the interpretation of a progressive failure process in the CRC anchorage zones.

For specimen V3, the local crack opening increased from an initially negligible value
to approximately 0.37 mm near the maximum load and reached approximately 0.45 mm in
the post-peak range. The stepwise increase in crack opening coincided with the visually
observed crack growth and with load drops in the global load–displacement curve.
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Figure 11. Horizontal load versus local crack opening in the anchorage zone of a corner anchor of
specimen V3. Markers (b–e) indicate the corresponding damage stages described in Figure 10.

5.4. Failure Mode and Mechanical Interpretation

The governing failure mode of the tested wall specimens was a local concrete failure
in the anchorage zones of the CRC plate. In addition, noticeable deformations of the steel
angle brackets were observed in the connection region between the bracket and the plate.
As local concrete damage progressed and the anchor tip became exposed, the anchor was
able to rotate locally, which in turn caused bending of the connected steel bracket. On the
timber side, a pronounced global deformation of the frame was observed, including a
visible displacement of the top plate and an inclined position of the studs. Nevertheless, no
relevant damage was detected in the timber joints themselves.

All bracket–anchor connections were arranged only along the two vertical edges of the
CRC plate. This edge-based connector layout may introduce additional bending of the CRC
plate, because the horizontal load is transferred through discrete edge connections rather
than through a continuous or more uniformly distributed connection system. In addition,
the discrete load introduction can cause local stress concentrations at the connection points.
Both effects are limitations of the tested configuration, since neither local plate bending nor
local stress distributions were measured directly.

Mechanically, the horizontal load introduced into the top member generated an over-
turning moment that was resisted by a force couple between the connection zones along
the two vertical edges of the CRC plate. This load path preferentially activated the corner
connection points, whereas the middle connection points mainly reduced the free edge
length of the CRC plate and were expected to participate with lower stiffness because of
their shorter brackets and reduced screw connection. Consequently, local rotation of the
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exposed anchors and bending of the steel brackets concentrated the demand in the thin
CRC anchorage zones, which is consistent with the observed cracking and spalling at the
corner anchors. The overall deformation state after testing is shown in Figure 12.

Figure 12. Overall view of a tested wall specimen after completion of the in-plane shear test.

Overall, the tested wall system did not fail in a brittle global manner. Instead, the re-
sponse was governed by progressive local damage in the anchorage zones, accompanied
by repeated load drops, subsequent load recovery, and continued load transfer within the
recorded displacement range. This behavior suggests that the wall retained load-transfer
capacity after the onset of local damage. Since individual connector forces were not mea-
sured directly, possible redistribution between connection zones should be understood
as an interpretation based on the global post-peak load recovery, the local crack-opening
measurements, and the visual damage observations.

5.5. Limitations of the Experimental Series

The significance of the present findings is limited to the investigated configuration.
All specimens had the same geometry, the same connection layout, the same material
configuration, and were tested under the same nominal vertical preload. The experiments
were carried out under quasi-static loading and do not provide information on the influence
of alternative geometries, modified anchor arrangements, different preload levels, cyclic
loading histories, long-term loading, or environmental actions. The results therefore allow
an assessment of the response and failure behavior of the tested wall system, but they do
not yet provide a general design basis for other system variants or boundary conditions.

In addition, the tests were carried out in a horizontal arrangement on a reaction
floor rather than in an upright wall test setup. This adapted arrangement was necessary
due to the available laboratory infrastructure, but it affects the boundary conditions of
the experiment. In particular, the self-weight of the CRC plate and timber frame acted
differently from an upright wall configuration, and the support on the reaction floor may
have introduced residual friction despite the use of a foil–fleece interlayer. This residual
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friction was not quantified separately and may have contributed slightly to the measured
horizontal resistance. Moreover, the horizontal setup does not fully reproduce the support
conditions, load transfer mechanisms, and gravity-related effects of an installed vertical
wall element. Therefore, the results should be interpreted as component-level results for the
adapted test configuration, and comparisons with upright wall tests should be understood
as comparative classification rather than direct validation.

Furthermore, the force distribution between individual connection points and the relative
displacement between the timber frame and the CRC plate at the mechanical connection
points were not measured directly. Statements regarding possible redistribution between con-
nection zones are therefore based on the combined interpretation of global load–displacement
response, local crack-opening measurements, and visual damage observations.

5.6. Comparison with Related Experimental Results

To place the present results in context, a comparison with selected experimental studies
on timber-based wall elements subjected to in-plane loading is useful. For this purpose,
the studies by Grossi et al. [63,64] and Dobeš et al. [65] were selected, because they report
wall tests with a focus on horizontal load-bearing capacity and wall stiffness and are
therefore suitable as reference cases for a first comparison.

A direct comparison is, however, only possible to a limited extent. The investigated
wall systems differ in material composition, connection concept, specimen geometry,
and loading conditions. In addition, the cited studies tested the wall specimens in an
upright position, whereas the present wall specimens were tested in a horizontal position.
This difference in test arrangement affects the support conditions and the contribution of
self-weight and therefore reduces the direct comparability and the general validity of the
comparison. The values discussed below should therefore be understood as a comparative
classification rather than as a direct performance ranking.

For the present wall system, the comparison is based on the maximum horizontal
load and on the wall stiffness determined from the global load–head displacement curve
according to EN 594. To account for differences in specimen size, the maximum load
and the wall stiffness were related to the reference width of bref = 1.25 m used for the
present wall configuration. This reference width corresponds to the modular width used
for the investigated wall configuration and was therefore selected for normalization of the
own test results. Based on the three specimens with complete displacement data (V2–V4),
the present test series yielded maximum horizontal loads of 15.8 to 18.2 kN/m and wall
stiffness values K0.2−0.4 of 0.42 to 0.54 kN/(mm · m).

Table 7 summarizes the comparison with the selected reference studies. The tests by
Grossi et al. provide a useful benchmark for timber-frame shear walls tested according
to comparable in-plane loading principles, while the study by Dobeš et al. offers a recent
reference for wall panels with experimentally determined horizontal load-bearing capacity
and stiffness. Compared with these studies, the present wall system can be interpreted
as a mechanically coupled hybrid wall with moderate in-plane load-bearing capacity and
moderate wall stiffness, while at the same time showing a progressive failure process with
repeated post-peak load recovery. In this respect, the results do not indicate an unusually
high racking capacity, but they do show that the investigated reversible timber–CRC wall
concept was able to maintain in-plane load transfer after the onset of local damage in the
tested configuration.

The comparison also highlights that the measured wall stiffness of the present system
should be interpreted as a global property of the wall specimen rather than as a local
property of the individual connection devices. This is particularly important for the inves-
tigated configuration, because the response was governed by the combined deformation
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of the timber frame and the CRC plate. The progressive reduction in stiffness with in-
creasing load, as discussed in the previous subsection, is therefore consistent with the
observed local damage development and with the overall behavior of a mechanically
coupled wall element.

Table 7. Comparison with selected experimental studies on timber-based wall elements under
in-plane loading.

Reference Test Position Fmax/b [kN/m] K0.2−0.4/b [kN/(mm·m)]

Own results horizontal 15.8–18.2 0.42–0.54
Grossi et al. [63,64] upright 9.8–48.6 0.79–1.82
Dobeš et al. [65] upright 5.5–22.6 0.16–0.61

6. Conclusions
This paper presented an experimental study on a demountable hybrid timber–carbon-

reinforced concrete (CRC) wall system with a mechanically coupled connection detail
based on embedded transport anchors, screwed steel angle brackets, and full-thread screws.
Four full-scale wall specimens were tested under adapted in-plane shear loading with a
nominally constant vertical preload. The objective was to evaluate the global shear response,
the repeatability of the tested configuration, and the governing failure mechanism of the
reversible connection concept.

1. The tested wall specimens showed a comparable global load–displacement response.
The maximum horizontal loads ranged from 19.7 to 22.7 kN, with a mean value
of 21.2 kN and a coefficient of variation of 5.9 %. The experimentally determined
maximum loads were close to the pre-test estimate Fmax,est = 21.5 kN, indicating
that the simplified estimate was suitable for defining the preliminary loading levels.
This agreement should not be interpreted as validation of a general design model,
but it supports the suitability of the estimate for the experimental procedure used in
this study.

2. The global response was distinctly nonlinear. For the specimens with complete
displacement data, the head displacement at maximum load ranged from 33.7 to
45.8 mm. The initial wall stiffness K0.05−0.15 ranged from 1.93 to 2.80 kN/mm, whereas
the stiffness evaluated between 0.2 Fmax and 0.4 Fmax ranged from 0.52 to 0.67 kN/mm.
The comparison of these stiffness ranges confirms a pronounced stiffness reduction
already before the maximum load was reached.

3. The governing failure mode was local concrete failure in the anchorage zones of
the CRC plate. Cracking initiated at the embedded transport anchors, especially
at the corner anchors, and propagated progressively with increasing deformation.
At larger displacements, local concrete spalling occurred. Deformation of the steel
angle brackets was also observed, whereas no critical damage was detected in the
timber joints. The tests therefore indicate that the timber frame remained effective
while the global response was governed primarily by the local load introduction into
the CRC plate.

4. The tested wall system did not fail by sudden global collapse. Instead, the response
was characterized by local damage events, repeated load drops, and partial post-peak
load recovery. This indicates that the wall retained load-transfer capacity after the
onset of local damage within the recorded displacement range. Since individual con-
nector forces were not measured directly, possible redistribution between connection
zones should be understood as an interpretation based on the global post-peak load
recovery, local crack-opening measurements, and visual damage observations.
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5. Compared with selected timber-based wall systems tested under in-plane loading,
the investigated wall system achieved a moderate level of load-bearing capacity and
wall stiffness. When normalized to the reference width of the tested configuration,
the maximum horizontal load ranged from 15.8 to 18.2 kN/m and the wall stiffness
K0.2−0.4 ranged from 0.42 to 0.54 kN/(mm · m). The comparison should be inter-
preted with caution because the reference studies differed in wall system, geometry,
connection concept, and test arrangement. Nevertheless, the results show that the
investigated reversible timber–CRC wall concept was able to maintain in-plane load
transfer after the onset of local damage in the tested configuration.

6. The conclusions are limited to the investigated configuration. All specimens had
the same geometry, connection layout, material configuration, and nominal vertical
preload. In addition, the tests were carried out in a horizontal arrangement on a
reaction floor, and residual friction at the support interface was reduced by a foil–fleece
interlayer but not quantified separately. The results therefore provide an experimental
assessment of the tested wall system, but they do not yet constitute a general design
basis for other configurations or boundary conditions.

7. Further work should address modified connection layouts, different vertical preload
levels, direct measurement of local relative displacements and connector forces, up-
right test arrangements, cyclic and long-term loading, and environmental exposure.
These investigations are required to develop mechanically validated design recommen-
dations for reversible timber–CRC wall systems using embedded transport anchors
as shear-transferring connection elements.
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