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Abstract

Wooden frame facades (WFFs) are increasingly popular in concrete construction, due to their lower
carbon footprint compared to traditional concrete fagades. However, designing robust fastening systems
for WFFs remains a challenge. This study investigates the anchorage performance of an innovative
fastening system for WFFs that utilizes a steel U-profile assembly partially embedded in concrete. An
experimental campaign is conducted on four specimens with different U-profile configurations under
simulated wind loads. The results indicate that failure is governed by the concrete slabs, with cracks
propagating outward the U-profile to create cone-shaped fractures. The key factors influencing anchor-
age resistance are identified as'embedment depth and concrete compressive strength. A predictive for-
mula is developed to estimate anchorage resistance.

1 Introduction

In France, since the entry into force of the environmental regulation RE2020 [1], buildings increasingly
combine a primary concrete structure with wood-framed facades to reduce their carbon footprint. In
usual practice, these prefabricated facades are installed after the construction of the primary structure,
using metal brackets fixed to the concrete edge with anchor bolts. However, this practice slows the
construction process and does not allow for precise altimetric adjustments. Irregularities are corrected
with wedges, a method that induces many quality defects.

INGENOVA, the R&D entity of the French/'construction company GROUPE LEGENDRE, in col-
laboration with the engineering school INSA Rennes, has conceptualized an integrated construction
process, associated to a specific fastening system (see Figure 1). The construction process is conceived
in such a way that all operations are made by concrete workers. The lower facade serves as framework
for the slab. The fastening system'is fixed to the lower facade and is embedded in the slab when con-
creting it. Then, the level of upper brackets is adjusted, and the upper timber facade is installed.

The fastening, shown in Figure 2, is a metal assembly composed of four parts joined together by
bolts: an anti-tilt bracket serving as support of the lower facade, a U-shaped part that will be embedded
in the concrete in order to ensure the anchorage of the system, and a load-bearing bracket for the upper
facade, fixed to the U-shaped profile through an adjustment plate allowing to mitigate the level of the
bracket.

One of the issues of the fastening system is to ensure an anchorage in the concrete strong enough
to transfer the wind loads and the dead loads of the facades to the slab. The anchorage is here provided
by cuts in the flanges of the U part. The cutouts filled with concrete enable the formation of a shear
connector, commonly known as a perfobond shear connector [2]. This type of connector is designed to
transfer shear forces between steel and concrete by combining mechanical interlock, friction, and rein-
forcement, ensuring effective composite action. While it is widely used in steel-concrete composite
beams, such as in bridges and high-rise buildings, it has not yet been applied as a fastening system for
facades. Moreover, the geometry of the fastening differs from usual perfobond configurations. Conse-
quently, the anchorage of the U part requires an experimental characterization.
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Figure 1: Construction process

The objective of the study presented in the paper is thus to investigate experimentally the steel-concrete
anchorage resistance, and to try to deduce a design formula setting in evidence the effect of the main
geometrical and mechanical parameters on the resistance. First the different experimental campaigns
exploring different versions of the U-shape profile will be presented, before developing a simple ana-
Iytical design formula.

Fastening
system

(a) Fastening system in its environment

Adjustment plate . U part

(b) Components (c) Detail of the U part
Figure 2: Steel parts of the fastening
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2 Experimental testing

The tests examined the anchorage performance of the proposed fastening system for wooden frame
facades (WFFs) embedded in structural slabs under fagade-induced loads. To achieve this, various con-
figurations of the system were developed and evaluated under the most critical loading condition: the
wind in depression or suction wind load.

21 Test specimens

Four test specimens featuring fixing U-profiles—designated as P, PM, MC, and MC HA—were evalu-
ated in this study, as depicted in Figure 3. Each specimen consisted of two concrete blocks with U-
profiles embedded to a depth of 110 mm into the concrete, see Figure 4 and Figure 5. The U-profiles
were fabricated from steel plates measuring 112 mm in width and 189.5 mm in height. These plates
were extended with two flanges bent at a 90° angle, each flange measuring 50 mm in depth, and in-
cluded two cutouts on the flanges. The key differences between the U-profiles were the dimensions of
the cutouts and the embedment depth (hi and h2) of these cutouts into the concrete blocks.

The P U-profile featured two circular cutouts with a diameter of 20 mm and a maximum embedment
depth (h1) of 40 mm. The PM U-profile was created by expanding the upper circular cutout of the P U-
profile horizontally by an additional 10 mm (We). The MC U-profile had notched cutouts with a maxi-
mum embedment depth (h1) of 46 mm. In the MC HA specimen, an additional rebar was incorporated
horizontally through the cutout holes, as enhanced reinforcement.

To simulate structural slabs, the concrete blocks were designed with dimensions of 600 mm in
height, 460 mm in width, and 200 mm in thickness. Reinforcement bars were embedded within the
concrete blocks.

The fixing U-profiles for the specimens were fabricated at the Ouest Préfa workshops, while the
concrete pouring and specimen preparation were conducted at the INSA Rennes laboratories. The re-
inforcement incorporated steel bars of types HA6, HA8, and HA10. Figure 4 provides detailed specifi-
cations of the specimens, including the dimensions and reinforcement of the two concrete blocks.
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Figure 3: FACILA fixing U Profile specimen
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Figure 4: Details of the specimens

2.2 Testsetup

The test setup (see Figure 5) simulated wind loading conditions by positioning the U-profile and con-
crete block assembly horizontally, aligning with the vertical loading direction. Vertical loads, repre-
senting wind pressures, were applied using a hydraulic jack and transmitted through an interface piece
at the center of the HEB 100 loading beam. These loads were distributed via two hinged connections
fastened to a T-connector with two bolts.

The T-connector, secured to the U-profile using M10 bolts, directed the applied load to the U-
profile surface. Each test specimen, consisting of two concrete blocks and U-profiles, was supported
by two HEB 220 columns and positioning beams. The concrete blocks were anchored.to the steel col-
umns using eight M 16 bolts, providing stability and ensuring precise load application during the testing
process.

Four tests were conducted under suction wind load conditions (W, load applied upwards), applying
a consistent loading protocol with varying load values to align with the Serviceability Limit State (SLS)
level for each specimen. Initially, two cycles were performed between 0 and 5 kN, followed by 25 SLS
cycles before proceeding to failure loading. The hydraulic jack was operated in displacement-control
mode at a rate of 2 mm/min.

2.3 Instrumentation

Four displacement sensors (LVDTs), labeled C1, C2, C3, and C4, were utilized to measure the vertical
deformation of the specimens during testing. These sensors were consistently positioned across all tests,
mounted on the free section of the U-profile, and maintained at a fixed horizontal distance of 50 mm
from the concrete face, as shown in Figure:5.

2.4  Material properties

The compressive strength of the'concrete blocks for each specimen was evaluated by testing three con-
crete cylinders (110 mm x 220 mm) following the guidelines outlined in EN 12390-3 [3], at the day of
the test. The average compressive strength, fcm, obtained from these tests, are summarized in Table 1.

Additionally, the mechanical properties of the steel components used in the specimens were as-
sessed through tensile testing conducted in accordance with ISO 6892-1[4]. This included fixing U-
profiles, which were fabricated using S235 steel.
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Figure 5: Test setup and measurement instrumentation.

Table 1: Concrete properties

Elastic modulus Average strength
(MPa) fem (MPa)
Concrete P specimen 34800 271
Concrete PM specimen 34800 284
Concrete MC specimen 34800 24.7
Concrete MC HA specimen 34800 27.8
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3 Experimental results

3.1 Failure mode and crack patterns

The experimental investigation revealed consistent failure mechanisms across all four tests with the
different U-Profile configurations. These failures were primarily governed by the behavior of the con-
crete blocks rather than the fixing U-Profiles, which exhibited no signs of yielding during testing. The
failure mode was characterized by the initiation of cracks near the flanges of the U-Profiles and the
edges of the concrete blocks. As the applied load approached its peak, these cracks propagated outward,
forming a cone-shaped fracture surrounding the embedded U-Profiles. The cracks extended from the
flanges of the U-Profiles toward the outer edges of the concrete blocks, as illustrated in Figure 6a—d.

Concrete Cone

Concrete Cone

(e) Schematics of the conerete cone (MC) Specimen (D) Actual image of Section C-C (MC specimen)

Figure 6: Failure mode and crack patterns of four specimens

Observations from the cross-section C-C-of the MC specimen (Figure 6e—f) revealed essential details
about the formation of the concrete cone. The cone’s apex was located at the outer edge of the concrete
base, where it intersected with the bottom of the U-Profile. The cone’s depth extended through the
concrete dowels formed within the cutouts of the U-Profiles, and the cone's depth at the surface of the
concrete block was approximately equal to the flange width of the U-Profiles.

The results highlight that the depth of the concrete dowels formed within the cutouts of the U-
Profiles is the most significant factor affecting anchorage resistance. Specimens PM and P displayed
similar concrete cone patterns, indicating that increasing the width of the cutout holes (We) in the U-
Profiles did not substantially influence the failure mode of the specimens. This finding suggests that
variations in cutout width have minimal impact on the effective volume of the load-bearing concrete
cone.

Conversely, specimens MC and MC HA exhibited larger concrete cones compared to PM and P, as
evidenced by the broader cracks observed on the surfaces of the concrete blocks. This observation con-
firms that increasing the embedment depth (h: and h2) of the concrete dowels within the U-Profiles
significantly enlarges the concrete cone, which is directly correlated with enhanced load-bearing ca-
pacity. Despite the inclusion of perforated rebar in the MC HA specimen, its failure mode remained
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comparable to that of MC, showing that the addition of rebar within the cutouts has a negligible impact
on structural performance.

These findings underscore the critical role of embedment depth in enhancing anchorage resistance,
while variations in cutout width and the inclusion of rebar within the cutouts exhibit limited influence
on the overall structural performance.

3.2 Load-deflection response

Figure 7 presents the test results for the four specimens subjected to wind loading, each featuring a
unique U-profile configuration. The results are depicted as a force-displacement graph, with displace-
ment values calculated as the average of measurements obtained from the four LVDTs.

Load-Displacement Curves

as [ 34.6 kN,

— MC HA
MC

— PM

[1

Displacement (mm)

Figure 7: Load — displacement curves of the specimens

The configuration of the cutouts in the fixing U-profiles and the compressive strength (fc) of the con-
crete blocks significantly influence the structural performance of the specimens.

For the P and PM specimens, which share identical embedment depths (hyand h,, as shown in
Figure 3), the maximum loads were similar, at 24.2 kN and 23.1 kN, respectively. This consistency
aligns with the comparable compressive strengths of the concrete blocks (fc = 27.1 MPa for P and fc =
28.4 MPa for PM). The slight reduction in load capacity observed in the PM specimen may perhaps be
attributed to the increased cutout width (We= 10 mm). This widened cutout did not enhance the volume
of the load-bearing concrete cone; instead, it led to a small increase in displacement at the peak load
and a reduction in stiffness in the load-displacement curve.

For the MC HA specimen (maximum‘load =34.6 kN) and the MC specimen (maximum load =
29.4 kN), the addition of a reinforcing bar within the cutout did not significantly improve structural
performance. Both specimens exhibited similar displacements at their peak loads, approximately 2 mm.
The higher load capacity of the MC HA specimen is primarily attributed to its higher concrete com-
pressive strength (f- = 27.8 MPa) compared to the MC specimen (fe= 24.7 MPa). This suggests that the
load resistance is predominantly derived from the concrete cone surrounding the U-profiles, with the
inclusion of reinforcement within the cutouts having minimal impact on structural performance.

A comparison between the P and MC HA specimens, which exhibit nearly identical concrete com-
pressive strengths (fo= 27.1 MPa and fc = 27.8 MPa, respectively), highlights the influence of embed-
ment depth. The greater embedment depth of the MCL HA specimen (h2 = 46 mm) compared to the P
specimen (h> =40 mm)resulted in a 43% increase in peak load, from 24.2 kN to 34.6 kN. This enhance-
ment is attributed to the larger effective volume of the load-bearing concrete cone, which plays a crucial
role when the U-profiles-are subjected to wind loads.

These findings emphasize that the embedment depth of the cutouts and the compressive strength of
the concrete are critical factors influencing structural performance, while the addition of reinforcement
within the cutouts has a negligible effect. The results provide a foundation for the development of an
analytical model to estimate the anchorage resistance of U-profiles embedded in concrete slabs under
wind loads. This analytical model, which accounts for the effects of embedment depth and concrete
compressive strength, is presented in Section 4.
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4 Prediction of the anchorage resistance

41 Design models for similar systems

Existing studies on PERFOBOND-type connectors primarily focus on predicting the longitudinal shear
capacity, with several analytical and empirical equations developed for this purpose [5]. [6]. [7]- In
contrast, pull-out capacity, which is more directly related to the functioning of the fastener, has been
addressed in only limited number of studies. Zheng et al. [8], for example, proposed equation (1) based
on pull-out tests and a parametric study to calculate the tensile resistance of a notched perfobond con-
nector with a rebar in the hole:

N, = %,[0,95(d7 — d2)f. + 0,45d?f,y + 0,18dpt, fey] 1)

where vy is the influence factor of the notch, dy is the hole diameter (mm), d; is the rebar diameter
(mm), fc the concrete compressive strength (MPa), fiy is the rebar yield strength (MPa), tp is the thick-
ness of the metal plate and fsy is the metal plate yield strength (MPa), (see Figure 8).

Perfobond r_‘cnnector

KN ——

C - (
» 4 o
Figure 8: Perfobond connector embedded in concrete

The first term of the equation refers to the contribution of the concrete dowel, the second term accounts
for the contribution of the reinforcing bar in shear, and the third term corresponds to-the contribution
of the metal plate.

More recently, Lipeng et al. [9] have investigated the pull-out performance of PERFOBOND con-
nectors used in high-strength concrete. An experimental campaign and a numerical parametric study

were used to establish an analytical model of the pull-out resistance, as expressed in Equation (2):
-0,56

N, = (3u+dh)2-3(u+d?h) Jr 2)

According to this equation, the tensile resistance of the perfobond connector depends on the following
three parameters: u, the embedded depth (mm), dn, the hole diameter, and the concrete shear resistance,
given by the square root of the compressive Tesistance of concrete.

The fastening system can also be compared with headed stud connectors, that have been widely
studied in the literature. Their resistance under a tensile load can be computed through the current
standard EN 1992-4 [10]./In this standard, the tensile resistance is calculated according to the failure
mode. The tensile resistance equation in case of concrete cone failure is given by Equation (3):

_ 15 A4cN
Nr - kl f;':kef ’ AT(PSJVI’Ure,N!PeC,NWM,N (3)
c.N

Where ki is a coefficient that depends on the state of cracking of concrete, her (mm) is the effective
embedment depth, Acx (mm?) is the reference projected area, A2, (mm?) is the actual projected area
limited by overlapping concrete cones, and the ¥ factors account for various effects, including edge
distances, reinforcement, group effects, and compression forces due to bending moments.

‘While the above equations provide valuable insights into the tensile resistance of existing connect-
ors, there is still a need for a comprehensive analytical approach tailored to the unique characteristics
and behavior of the proposed fastening system. A predictive formula has been developed and will be
presented in the following section.

2069



Collection of Accepted Papers fib Symposium 2025
Preliminary Version, Not the Final Proceedings of the fib Symposium in Antibes 2025

42 Proposed equation

Experimental tests (presented in earlier sections) on configurations P, PM, MC, and MC HA revealed
that concrete compressive strength and embedment depth are the primary factors influencing anchorage
resistance. Specifically, we observed that incorporating a rebar crossing the U-profile cutout, increasing
the cutout area, and plastic deformation of the Perfobond steel had negligible effects on resistance.
Based on these findings, the proposed design formula accounts only for the embedment depth and the
compressive strength of the concrete, omitting other factors due to their minimal or negligible contri-
butions to anchorage resistance.

It is inspired from the anchorage resistance equation given by the EN 1992-4 [10] in case of a

concrete cone failure: it depends on the square root of the compressive strength Jf_c and on an equiva-
lent anchoring depth noted heq (mm), raised to the power of 1.5. These dependencies can be considered
as consistent with the formula of Lipeng et al. [9] (Equation (3)), with less sophistication.

The equation is deduced from the moment equilibrium of the U part: it is assumed that the moment
created by the application of the force F is balanced by the shearing of concrete in the upper dowels
noted R, and the compression of the concrete against the web of the U in its lower part noted Rb as
shown in Figure 9 (a). The resulting compression force Ry is positioned 5 mm from the end of the U.
Thus, the anchorage resistance force is expressed by the following equations:

N
p - led VIl @
L
With:
keq - ﬁhmin + (1 - ﬁ)hmax —A (5)

11 is the distance between the force F and the reaction Ry (mm), 2 is the distance between the middle of
the upper dowel and the reaction Ry (mm), a'is a calibration coefficient, p is/a coefficient that mitigates
the equivalent anchoring depth from the distances hmin and hmax (see Figure 9 (b)), heq is the equivalent
height, and A is a distance that also calibrates the anchoring depth (mm).

The parameters a, §, and A were determined through linear regression analysis based on the exper-
imental results, yielding the following values: a = 32.7, f = 0:6, and A = 8 mm.
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Figure 9: Assumptions and parameters considered in the calculation of anchoring resistance.

4.3 Validation

As presented in Figure 10, the calculated anchoring resistance from Equation (4) is compared to the
experimental results. The analytical model shows a strong correlation with the anchorage resistance
obtained from the experimental study. The relative deviations between the experimental and predicted
values are minimal, ranging from 0.1% to 1.2%, highlighting the'model's accuracy and reliability under
the tested conditions.

Predicted vs Experimental Anchorage Resistance

50 A —2 % s
. .
E --= Lf]nfﬂ Fit /1',:/
4 === 5% Error ‘ S
— . L
240 === -i% Error ’,’,”,‘
< AU ! A U 7
= ® Predicted vs Experimental I ,f:z',/
& & = P
7 A S
[-+] Pt
= 30
B I
ol
2
S e
S S A
4] o5
- f P
y o
/’
B ol
5104 © “1-"
= o*
< »*
o »
-
0 ’
0 10 20 30 40 50

Experimental Anchorage Resistance (kN)

Figure 10: Verification of the analytical model by comparison with experimental results
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Therefore, Equation (4) can be used to estimate the anchorage resistance of the fastening system when
the geometrical characteristics of the connectors are close to those of the tests.

It should be noted that this design formula is only valid for cone-type failures; other failure modes,
such as splitting or crushing, may require alternative approaches. Moreover, the number of experi-
mental tests is limited. Thus, the proposed formula should be considered as a guidance tool for opfi-
mizing the shape of the embedded zone. If the dimensions of the system need to be altered, a new
experimental campaign will be mandatory.

5 Conclusion

This study experimentally examined the anchorage behavior of an innovative fastening system for
wood-frame facades (WFFs) integrated in concrete structures. It is based on a steel U-shaped profile
placed at the edge of the slabs, with flanges embedded in the concrete. The anchorage in the concrete
is ensured by perfobond-type cutouts in the flanges. Four test specimens featuring different U-profile
configurations were analyzed, with a focus on critical parameters such as embedment depth, cutout
dimensions, and concrete compressive strength. While the conclusions are specific to the scope of this
study, key insights include:

e  The failure of the specimens was primarily governed by the concrete blocks, with cracks
initiating around the embedded U-profiles and propagating outward to form a cone-shaped
fracture.

e Embedment depth and concrete compressive strength were identified as the primary factors
influencing anchorage resistance. Deeper embedment depths increased the effective volume
of the concrete cone, resulting in higher load-bearing capacities.

e Increasing the cutout width had negligible influence on the anchorage resistance, as it did not
contribute to the effective volume of the concrete cone.

e  The addition of a rebar within the cutout did not significantly enhancestructural performance,
as the load-bearing capacity was primarily derived from the concrete cone surrounding the
U-profile.

e A formula derived from Eurocode EN 1992-4 [10], incorporating embedment depth and con-
crete compressive strength, was utilized to estimate the anchorage resistance. The model
demonstrated strong alignment with the experimental results, offering a reliable framework
for optimizing the design of the connector.

This study highlights the critical role of embedment depth and concrete strength in the structural per-
formance of U-profile anchorage systems; while emphasizing the limited impact of cutout modifica-
tions and reinforcement bars. These findings form a foundation for designing efficient and reliable
fastening systems for wood-frame fagcades in sustainable construction. Future research could explore
additional U-profile configurations to further enhance the structural performance of the fastening sys-
tem and develop corresponding formulas to refine’anchorage resistance predictions.
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